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This thesis mainly focuses on the synthesis, characterization and 
transformation of photoreactive metal complexes and multi-dimensional 
coordination polymers (CPs) to higher dimensional structures through solid 
state [2+2] photo cycloaddition reaction using monodentate 4-styrylpyridine 
(4spy) ligand and its derivatives. The synthesis of porous CPs, solvent induced 
structural dynamics, gas sorption and separation properties also have been 
described here. 
Chapter 1 of this dissertation will briefly describe the background and 
review the current literature to understand the rest of chapters. The importance 
and inspiration of the work also has been provided and the scope of the 
dissertation will be delineated at the end.  
Chapter 2 describes the syntheses and solid state photo polymerization 
of Zn
2+
metal complexes through [2+2] photo cycloaddition reaction. Most 
interestingly, the crystals showed photosalient behavior under the UV light 
during the photo polymerization reaction. For understanding this extremely 
rare behavior, attempts have been made to capture the kinematic details using 
very fast camera along with various other analytical techniques including 
single crystal/powder X-ray diffraction (XRD) and microscopy, with 
kinematic (motion) analysis of the crystal locomotion. 
Chapter 3 describes the two-step polymerization of metal complexes 
using solid state [2+2] photo cycloaddition. These metal complexes have been 
obtained by the coordination of Zn
2+
 with 4spy and its 2-fluoro derivative 
ligands. These metal complexes showed two-step photo polymerization, 
dinuclear metal complex (dimer) as an intermediate. The successful separation 
of this dimer has been confirmed by single-crystal-to-single-crystal (SCSC) 
transformation. Most interestingly, the dimer complexes can be are 
successfully converted back to the monomer complexes through thermal 
cleavage. Among these two dimer complexes, 4spy analogue showed its 
reversibility in SCSC manner. On the whole, this work demonstrates an 
unprecedented SCSCSC (SC
3
) thermally reversible photo cycloaddition 
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reaction. Fascinatingly, blue shift in the photo luminescence has been 
observed during the photo cycloaddition reaction which has been attributed to 
the formation of exciplexes in DMF solvent. 
Chapter 4 describes the role of substituent on Cd
2+
 CPs and its photo 
reactivity which are synthesized from using Cd
2+
, 1,4-benzenedicarboxylate as 
linker and 4spy and its derivatives as photoreactive ligand. Among these, the 
CP with 4spy ligand showed anisotropic structural transformation upon loss of 
coordinated and lattice solvent molecules and the final structure has been 
confirmed by solid state [2+2] photo cycloaddition reaction in conjunction 
with other techniques. Upon substitution with fluoro at ortho position (2F-
4spy) showed the formation of similar 1D CP as 4spy where the lattice solvent 
molecules has been occupied by uncoordinated 2F-4spy molecule as a guest. 
Due to this non-volatile guest molecule, there is no solid state structural 
transformation has been observed, however, the alignment between the 2F-
4spy ligands have been observed between the frameworks along with the 
uncoordinated guest molecules. UV irradiation of this compound showed 
quantitative two-step photo cycloaddition reactions and transformed the 1D 
CP into 2D layered structure. This is the first quantitative solid state [2+2] 
photo cycloaddition reaction between the ‘guest-framework’ in solid state. The 
substitution of NO2 instead of fluoro, 2NO2-4spy (2-nitro-4-styrylpyridine) 
resulted in the formation of 1D CP with parallel alignment between the 2NO2-
4spy. However, this compound is photo stable; this might be due to the close 
packing nature of the molecules which could have restricted the molecular 
movements during the photo cycloaddition. In contrast to the above CPs, use 
of 3NO2-4spy (3-nitro-4-styrylpyridine) resulted in the formation of 2D 
interdigitated layered structure with parallel alignment of 4spy ligands both 
within and framework along with adjacent layers. But upon UV irradiation of 
this compound showed photoreaction between the adjacent layers with 60 % 
photo transformation and showed the transformation of 2D layered structure to 
3D MOF.  
Chapter 5 describes design and synthesis of photoreactive 2D 
interdigitated CPs which were transformed to 3D interpenetrated MOFs 
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through solid state [2+2] photo cycloaddition reaction. This chapter is divided 
into two sections. In the first section, synthesis of 2D layered structures from 
Zn
2+
 and 1,4-benzenedicarboxylic acid (bdc) with other monodentate co-
ligands such as 4-vinylpyridine (4vpy), 2F-4spy and 4spy is described. The 2D 
layered CPs with 4vpy and 2F-4spy with Zn-paddle-wheel SBU where the 
apical positions are coordinated to the pyridyl-N. Due to the small size of 
4vpy, in 4vpy analogue showed no alignment between the olefin. However, in 
the case of 2F-4spy, a successful alignment between the olefinic bonds has 
been achieved and upon UV irradiation of this compound showed quantitative 
photo cycloaddition to doubly interpenetrated 3-dimensional metal-organic 
framework (3D MOF) structure in an SCSC manner. Similarly upon using 
4spy instead of 2F-4spy, tetrahedral Zn
2+
 coordination geometry unlike other 
two compounds and this compound also showed parallel alignment between 
the olefin bonds of 4spy ligand. UV irradiation of this compound showed 
quantitative [2+2] photo cycloaddition. More interestingly, the change in the 
coordination building unit from the paddlewheel SBU to tetrahedral unit, both 
the compounds exhibited different photo luminescence properties.  
In the section 2 of chapter 5, 4-carboxycinnamic acid (cca) and 2,6-
naphthalene dicarboxylic acid (ndc) have been used as dicarboxylic acids 
instead of bdc and 4spy as photoreactive ligand. Both the cca and ndc showed 
the formation of isostructural 2D interdigitated CPs with paddlewheel SBU. 
UV irradiation of these compounds showed quantitative photo cycloaddition 
and the CP with cca showed maintained its single crystallinity throughout the 
photo cycloaddition and the final structure has been confirmed by Single 
Crystal XRD as triply interpenetrated 3D MOF. Due to longer spacer ligand, 
cca compared to bdc in the earlier section, there is an increment in the 
interpenetrated structures from two fold to three fold after the photo 
cycloaddition reaction has been observed. Besides, cca and ndc showed 
isostructural nature due to the disorder present in the cca. Using this 
advantage, the final structure of ndc analogue has been characterized by using 
PXRD.  
Chapter 6 describes a very unusual asymmetric hetero solid state photo 
cycloaddition reaction between phenyl group and olefin (‘phenyl-olefin’ hetero 
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, para-toulic acid and 2F-4spy, a photoreactive compound 
with very rare asymmetric building unit has been obtained, where the 2F-4spy 
ligands are aligned in head-to-tail manner from the adjacent molecules. Due to 
this distorted SBU, the coordinated 2F-4spy ligands from the adjacent 
molecules are separated by two different distances. During the UV irradiation, 
the olefin bonds which are within Schmidt’s criteria showed quantitative photo 
cycloaddition, whereas the other olefin bonds showed a very unusual photo 
cycloaddition reaction between olefin and the phenyl group and resulted in the 
formation of highly strained bicyclic [4.2.0] octadiene derivative with high 
stereo specific manner which has been confirmed by SCSC transformation 
along with other characterizations. Thus, this chapter describes the unusual 
photo reactivity of ‘phenyl-olefin’ hetero photo cycloaddition and showed the 
solid state activation of phenyl ring. 
Chapter 7 described the synthesis of three novel non-interpenetrated 






 with 1D molecular channels 
which have been synthesized by in-situ partial hydrolysis of N,N′-di-(4-
pyridyl)-1,4,5,8-naphthalene-tetracarboxydiimide (DPNI) in solvothermal 
synthesis. All these compounds showed ~ 45 % solvent accessible space. In 
Zn-PCP, Zn
2+
 is present in paddlewheel SBU and interestingly this PCP 
showed solvent induced structural dynamics upon exchanging the lattice, 
which has been confirmed by SCSC transformations. In contrast to Zn-PCP, 





were present in octahedral coordination geometry. Hence, gas sorption studies 
have been performed on these compounds. Hydrophilic pores of Cd-PCP, 
selective adsorption CO2 adsorption compares to N2, H2, Ar and CH4 gases has 
been observed and showed promising nature of this compound for CO2 
separation from flue gas.  
Finally, this doctoral dissertation offers a proposal for further 
investigations that can extended in this particular research area.    
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1.1 Crystal Engineering 
The beauty of crystals is known for several centuries and attracted great 
interest due to their interesting properties.
[1]
 For instance, diamond captured 
people’s attention several centuries ago due to their aesthetic beauty and 
properties like unique refractive index, hardness and glitter; however, serious 
scientific studies on the internal structure of crystals started after Max Von Laues 
discovery that crystals can diffract X-rays, about a century ago. Crystals are solids 
consist of highly ordered arrangement of molecules in three dimensional (3D) 
space. These crystals can be considered as an ultimate super molecule which 
contains the assembly of molecules interacting through the combination of several 
covalent and non-covalent interactions.
[2]
 Lehn defined supramolecular chemistry 
as ‘Chemistry beyond the molecules’.[3] Similarly, the combination of covalent 
and non-covalent interactions in solid state is known as ‘Crystal Engineering’ and 
which falls under the umbrella of ‘supramolecular chemistry’. Recent advances in 
design strategies resulting in successful design of crystals with unique properties 




Historically, solid state chemistry is known as ‘heat, shake and bake’; as the 
first instances of such reactions occurred at high temperatures through grinding. 
During that time, the design and synthesis of solid state compounds with the 
desired properties is considered to be very difficult. This is due to the poor control 
over the reactions and the reactivity at very high temperatures (500 - 2000
o
C). 
During the development and research in this field for decades by many dedicated 




scientists, new methods have evolved to control the molecular packing and 
arrangement in solid state for accessary desired properties.
[4a, 4d, 5]
  
In the late 19
th
 century, Emil Fischer proposed the ‘Lock and Key’ model to 
explain the selective binding of substrates by enzymes. This hypothesis also 
indicated the potential character of non-covalent interactions.
[6]
 Later in 1930, 
Linus Pauling also instructed these non-covalent interaction in his definition of 
‘Chemical bond’ by considering both covalent and non-covalent parameters.[7] All 
these hypotheses and discoveries paved the way for the roots of crystal 
engineering and supramolecular chemistry.  
The term ‘Crystal Engineering’ was first introduced by Pepinky in 1955 in 
an attempt to solve the ‘Phase Problem’ in crystallography.[8] The complete 
terminology and systematic establishment of crystal engineering were mainly 
performed by Schmidt in 70’s, in the context of topochemical [2+2] photo 
cycloaddition reactions of cinnamic acid and derivatives.
[9]
 Though, the solid state 
[2+2] photo cycloaddition reactions are known for several decades,
[10]
 Schmidt 
was one of the first who realized alignment of olefin was mainly dependent on the 
non-covalent interactions of carboxylates and other interactions in the alignment 
of olefin groups of cinnamic acids in their polymorphs. From his observations, 
Schmidt proposed the empirical postulates for solid-state photo cycloaddition of 
olefins, which paved the way for the significant development of solid-state 
organic photochemistry and the field of ‘Crystal Engineering’ was born.[9]  




Later, intensive investigations by Desiraju on weak non-covalent 
interactions in particular C-Hπ and C-HX in solid state and their properties in 
solid state and their role in the design and synthesis of organic solids during his 
studies in the late 80’s and early 90’s showed the promising characteristics to 
design an organic solid with the desired molecular arrangements and 
properties.
[4b, 11]
 After combination of all these studies and observations, Desiraju 
defined crystal engineering in 1989 as “the understanding of intermolecular 
interactions in the context of designing new solids with desired physical and 
chemical properties” in his famous monograph “Crystal Engineering. The Design 
of Organic Solid”.[4a] As mentioned in the recent years, Crystal Engineering has 
become one of the well-reputed research areas and the intense of research in this 
field was evident by the establishment of specialized high impact research 
journals such as Crystal growth and design by the American Chemical Society 
and CrystEngComm by the Royal Society of Chemistry.  
In recent years, these principles also moved towards the use of relatively 
stronger and more directional bonds; such as coordination bonds in coordination 
complexes and coordination polymers. Such stronger interactions were 
increasingly utilized after the pioneer work of Robson in the early 90’s.[12]  
1.2 Coordination complexes and polymers 
Werner conducted pioneer studies on coordination complexes in the late 
19
th
 century, and defined a metal complex as ‘a compound consists of central 
metal atom or ion as node which is bonded by other molecules or ions as ligands 




or complexing agents’ with the help of double valence concept for transition 
metal ions.
[13]
 These ligands mostly consist of electron rich species such as N or O 
which bind to the metal through the donation of their lone pair of electrons and 
these species which consist of these donating moieties also known as donor 
molecules. In coordination polymer (CP), an exodentate ligand also known as a 
linker, bonds to more than one node (which is either metal atom or metal cluster) 
results in the formation of infinite arrays with highly periodic repeating units.
[14]
 
Depending on the continuity of coordinated chains in the space, these compounds 
are categorized as different dimensional CPs such as 1D, 2D and 3D networks, of 
which the schematic view of a 3D framework can be seen in Figure 1-1. These 
compounds are known in different names such as Porous Coordination Polymers 
(PCPs), Metal-Organic Frameworks (MOFs), Metal-Organic Materials (MOMs) 
and so on. The potential of these compounds is evident from the recent 




Figure 1- 1. A schematic representation of a MOF structure.  




Robson pioneered the studies of CPs on the synthesis and characterization 
of different dimensional CPs with various connectivity and topologies in the 
90’s.[12a, 12c] Later, Kitagawa and Yaghi successfully demonstrated several stable 
porous coordination polymers (PCPs) with significant gas sorption properties 
could be synthesized in late 90’s[16] and Kitagawa categorized all these CPs into 
three generations depending on the stability and flexibility as shown in Figure 1-
2.
[16a]
 The first generation compounds are stable with the solvent or guest 
molecules. Upon removal of these guest or solvent molecules, the framework 
structure will collapse and form amorphous compound. In the case of second 
generation materials, the PCP framework is very rigid even after the removal of 
solvent molecules. Due to their rigidity, the solvent/guest molecules can be 
reversibly exchanged or can be replaced with other guest molecules. Finally, in 
the case of third generation materials, the framework is highly flexible; the pores 
of this framework will collapse upon removal of solvent/guest molecules and 
upon addition of guest molecules. These pores could successfully restore without 
much distraction to the framework structure. Moreover, these collapsed 
frameworks selectively adsorb specific guest molecules as compared to others. As 
such, these materials are considered to be the best for the guest separation and 
sensing properties.  





Figure 1- 2. Classification of CPs.  
Due to the highly crystalline nature of CPs, the structure of these 
compounds is mainly characterized by Single Crystal XRD (SCXRD). However, 
in most cases it is very challenging to preserve the single crystals required for data 
collected by SCXRD. Therefore, in recent years, researchers have resorted to 
other techniques to characterize the solid state structures such as powder X-ray 
diffraction (PXRD) method. Moreover, very recently, high resolution electron 
microscopy and electron diffraction methods are also evolving as new methods to 
derive the structure.
[17]
 The CPs are usually synthesized by self-assembly from 
their components and are thermally stable but kinetically labile. Due to this 
lability, the framework can be easily demolished and resynthesized whenever 
errors occur during the synthesis. Due to their rigidity and thermal stability, these 
compounds are suitable for various applications.  




Designing CPs with desired properties in terms of gas storage, separation 
and selective guest separation is possible via the judicious choice of basic 




Figure 1- 3. Basic units for the preparation of CP. 
Most of these CPs have been synthesized by using metal ions with versatile 
coordination geometry such as linear, T-shaped, tetrahedral, square planar, square 
pyramidal or octahedral.
[16a]
 In addition, by controlling the geometry and 
multidentate nature of organic linkers, one can successfully design various 
number of coordination polymers with record high surface area, porosity, 
structural regularity and fine tunability along with interesting connectivity, nets 
and topologies (Figure 1-3).
[18]
  
The stability of the CPs or MOFs is largely dependent on the electrostatic 
attraction between the metal and the ligands. Thus, metal clusters are considered 




to be the best nodes for the preparation of highly stable and in few cases, rigid 
MOFs. Among the reported CPs, paddlewheel is a common building unit, where 
two metal ions in square-pyramidal geometry are bridged by four carboxylates; 
the apical positions are occupied by solvent molecules, other guest molecules or 
ligands. Similarly, organic linkers are also important in controlling the structure 
and properties. The length, size, coordination functional group, number of binding 
or reactive sites and rigidity are considered important during the selection of 
organic linkers for the synthesis of desired CP with specific dynamics, reactivity 
and properties.  
The ligands containing N-donor atoms are mostly neutral which make the 
resulting CPs cationic in nature. These ligands have rich structural properties, 
various types and configurations. It is also easy to impart the functionality using 
these pyridyl ligands, which may not be possible by using the carboxylate ligands. 
Therefore, proper use of these ligands helps in the easy transformation of metal 
complexes to CPs. However, the main shortcoming of these M-N bonds in CPs is 
bond strengths; frameworks made from most N-donor ligands have low thermal 
stability as compared to metal-carboxylates.  
The combination of the functional groups such as carboxylates and pyridyl 
would lead to the formation of highly stable neutral frameworks. In other words, 
using an organic ligand with the combination of pyridyl and carboxylate 
functional groups or by using the combination two different ligands, with only 
carboxylates groups and the other with pyridyl groups, highly stable neutral CPs 
can be synthesized.  




It has been well established that by employing linear bi-dentate pyridyl 
spacer ligand as pillars between these 2D layers, 3D neutral PCPs with pillared 
layer structure can be synthesized. The functional groups (here the olefin bonds) 
can be modified to cyclobutane rings which can be considered as post-synthetic 
modification (PSM) method. For instance, Vittal and co-workers are successful 
during the photo-induced PSM of a pillared layered PCP through solid state [2+2] 
photo cycloaddition reaction.
[19]
 However, the syntheses of these resultant 
compounds may be very challenging and inaccessible otherwise. Selection of 
specific experimental is very crucial, such as sequential linkage of one ligand 
after another is very necessary. So these reactions mostly favored by kinetic 
synthetic procedures such as layering or slow diffusion methods. These 
procedures would yield better results than well-known hydrothermal or 
solvothermal synthetic procedures. Similar synthetic procedures will be discussed 
in chapters 4 and 5.  
1.3 Solid state reactions 
Solution state reactions are well-known for the syntheses of organic 
molecules and these synthetic procedures are also known in the industrial scale 
with regio- and stereo specific manner, but they are not environmentally benign 
due to the use of high quantities of organic solvents and wastage of energy in the 
high temperature synthesis. Moreover, in most cases, the yield of the reactions 
will usually be very less due to the formation of several side products. Therefore, 
research has been focused to develop new synthetic methods or tools to synthesize 
molecules in highly stereo specific manner solvent-less synthetic procedures. The 




accumulated knowledge over the last few decades contributions brought better 
techniques to synthesize several organic molecules in solvent-less techniques such 
as solid state reactions.  
The characterization of these solid state compounds is relatively easy if the 
single crystal nature is maintained at the end of the solid state reaction by 
SCXRD. Further, restricted molecular movements in solid compounds result in 
the formation of stereo-specific products which is otherwise difficult to obtain in 
solution synthesis as mentioned before. The lack of such restricted movements in 
fluidic matrices results in the formation of different products with less stereo 
specificity in very poor yields. Schmidt has elegantly demonstrated the better 
reactivity and stereo specificity afforded in the solid state compared to solution 
state. For example, cinnnamic acid does not undergo [2+2] photo cycloaddition in 
solution state, whereas the quantitative synthesis of two different dimers as -
truxilic acid and -trucinic acid upon the photo cycloaddition of different 
polymorphs of cinnamic acid occurs in the solid state (Figure 1-4).
[20]
 





Figure 1- 4. Solid state photoreactivity of different polymorphs of cinnamic acid. 
1.4 [2+2] photo cycloaddition 
[2+2] cycloaddition reaction falls under the branch of pericyclic reaction as it 
is a concerted reaction with a cyclic transition state. Pericyclic reactions are 
governed by the Woodward-Hoffman rule where the reaction can only take place 
when the symmetries of the reactant and product orbitals are similar. Photo-
excitation is required to trigger the [2+2] cycloaddition, which is otherwise 
thermally forbidden as the number of electrons involved from two olefins – four, 
does not fulfil the “4n+2” rule. [2+2] cycloaddition reaction is thermally 
forbidden as the symmetry of the LUMO and HOMO olefin bonds are different. 
Hence symmetry forbidden and combine in an out-of-phase manner. However, 
upon UV irradiation, an electron is promoted from the HOMO to the LUMO, 
called as the SOMO (Singly Occupied Molecular Orbital). Thus the original 
ground state and photo excited state possess the required symmetry for orbital 




overlap and hence reaction to occur and undergoes cycloaddition reaction and 
results in the formation cyclobutane ring.
[21]
 During these photo excitation 
reactions, the photons excited the reactants in a very short period of time. Hence, 
it is very challenging to control these photoreactions regarding the stereo and 
regio specificity of the photo product. In the course of these photo chemical 
reactions, due to the restricted molecular movements, solid state reactions will be 
the great avenue for the stereospecific chemical reactions.  
1.5 Topochemical reactions 
Reactions in the solid state are mainly driven by the molecular packing in 
the solid compound which plays the determining role and also limited by degree 
of atomic or molecular movements. The solid state reactions which controlled by 
the relative orientation of the molecules, geometrical arrangements and close 
proximity of reactive functionalities in a specified manner are termed as 
‘topochemical reactions’. These topochemical reactions are in turn used in the 
synthesis of different products with the specific configuration and geometry, 
which are guided by the alignment of reactants in the solid compounds mostly in 
quantitative yields. Therefore, the molecular arrangement with specified 
geometrical arrangement is of great interest for several decades. This interest 
intern results in the great attention towards crystal engineering to make use of 
non-covalent interactions to achieve the desired packing.  
Among the most of the solid state reactions, [2+2] photo cycloaddition is 
well known for the synthesis of the highly strained cyclobutane derivatives in a 




high stereospecific manner. Moreover, these reactions are very easy to carryout, 
just by the use of UV lamps and even sunlight, in many cases. The transparency 
of the crystal or the packing of these compounds for the uniform exposure of 
photons from UV light allows quantitative yield of products. Although, such solid 
state [2+2] photo cycloaddition reactions have been known for more than a 
century, it was only five decades ago, the basic criteria for these [2+2] 
cycloaddition reactions were emerged. Schmidt postulated the empirical criteria 
for the topochemical criteria. 
1) Olefin bonds must be aligned parallel and within a distance of 3.5 to 4.2 Å 
2) A minimum amount of atomic or molecular movement is necessary during 
the reaction 
The parallel alignment of olefin bonds would ensure that the pz-orbitals of 
each olefin are collinear and that there is a sufficient degree of overlap for the 
reaction. The distance between the olefins must be sufficiently small, yet larger 
than the van der Waals’ radii of carbon to allow photo cycloaddition reaction.  
1.6 Solid state [2+2] photo cycloaddition reaction in various compounds 
After the classical work of Schmidt on the solid state [2+2] photo 
cycloaddition reactions, several other researchers adopted these concepts for the 
photoreaction of several organic molecules using different strategies.
[10d, 10e, 22]
 
MacGillivray and coworkers used templated organic solid state synthesis with H-
bond as the driving force. His work comprises the crystallization of resorcinol 
with bpe molecules. In these compounds, phenolic OH acts as H-bond donor and 




binds to the bidentate ligand such as bpe molecule and templates the orientation 
of bpe molecules in solid state. Similar strategies have been used for the synthesis 
of various ladderanes and cyclophane compounds. Therefore, this is a unique 
synthetic method for the synthesis of highly strained cyclobutane rings in 
quantitative yields with high stereo specificity.
[22g]
 Meanwhile, extensive studies 
have been performed in our laboratory by utilizing coordination bonds which are 
relatively stronger and directional compared to other non-covalent interactions to 
align the olefin bonds for solid state [2+2] photo cycloaddition reaction in metal 
complexes and CPs. However, most of these studies have been performed on 
bidentate organic ligands.  
1.6.1. Photoreactivity of metal complexes using bidentate ligands 
MacGillivray and co-workers utilized bimetallic Zn-Schiff base in a metal 
complex, [Zn4L2(OH)2(bpe)2](ClO4)44H2O (where LH = 2,6-bis[N-(2-
pyridylethyl)formimidoyl]-4-methylphenol) to align olefin bonds in bpe. 
Similarly strategies have been attempted by using the organo-metallic compounds 
to align the olefin bonds of bpe.
[22f]
  
Later H-bonded Zwitter-ionic metal complex was found to undergo 
polymerization reaction to form 1D CP. In this Zwitter-ionic metal complex, 
[Pb(bpe-H)2(TFA)4] (where TFA = trifluoroacetate anion) complementary 
hydrogen bonds between a coordinated monoprotonated bpe-H
+
 cation and the 
neighboring oxygen atom of the TFA ligand assist the alignment of the bpe-H
+
 
pairs as shown in Figure 1-5. The Pb
2+
 center is coordinated by four 




trifluoroacetates and two bpe-H
+
 cations. The infinitely organized coordinated 
bpe-H
+
 pairs easily undergo photo cycloaddition reaction under UV light 
quantitatively to give the anticipated rctt-tpcb isomer. The colorless block-like 
crystals turned into gel in 1-15 hours and became powder after 25 hours of UV 
irradiation. During photo dimerization, two CF3CO2H were eliminated due to the 
proton transfer from bpe-H
+
 to TFA ligand bonded to the Pb
2+
, resulted in 
[Pb(rctt-tpcb)(TFA)2]. Since this not an SCSC reaction, the structure of the 
photoproduct was determined after recrystallizing from methanol. Due to the 
reorganization of structures during crystallization, the connectivity of the 
crystallized product of [Pb(rctt-tpcb)(TFA)2] is slightly different from predicted 




Figure 1- 5. A zigzag H-bonded zwitter ionic Pb
2+
 complex undergoes polymerization reaction 
under UV light. 




A very similar Zwitter ionic complex, [Cd(bpe-H)2(H2O)(S2O3)2] was 
reported by Natarajan et.al., in which two protonated bpe-H
+
 ligands are 
coordinated to Cd
2+
 in trans-fashion 
[24]
. The pyridinium N-H protons at the other 
end of bpe-H
+
 are hydrogen bonded to the neighboring thiosulfate O-atom to form 
hydrogen bonded 1D polymer. The olefinic groups are separated by 3.7 Å and 
upon UV irradiation of this compound showed quantitative [2+2] photo 
cycloaddition confirmed by 
1
H-NMR and resulted in the formation of 1D chains 
as shown in the Figure 1-6. However, the solid state structure of final compound 
was not characterized. 
 
Figure 1- 6. Polymerization of a metal complex to a 1D CP by [2+2] cycloaddition reaction. 
Similarly another interesting H-bonded polymeric complex, 
[Zn(bpe)2(H2O)4](NO3)2·8/3H2O·2/3bpe was reported from our laboratory, where 
the Zn
2+
 is present in octahedral geometry arising from the coordination of two 
bpe ligands in trans fashion and four water molecules in the equatorial sites 
[25]
. A 
few guest bpe molecules were also found in the lattice along with lattice water. 
Only one side of the bpe is coordinated to Zn
2+
 and the other side of bpe is H-
bonded to coordinated water and forming 1D H-bonded metal complex. These 
complementary H-bonds drive the bpe molecules to align parallel with each other. 




Interestingly, this compound consists of totally six different types of bpe 
molecules that are aligned in parallel as shown in Figure 1-7. However, the C=C 
bonds are aligned both in parallel and crisscross manner and are separated 3.55 to 
3.88 Å from each other. On UV irradiation of the single crystals for 25 hours 
showed 46% yield tpcb comprising 39% rctt and 7% rtct isomers. But this 
percentage of rtct isomer formed is lower than expected percentage based on the 
number of anti-parallel orientation of C=C bonds. This has been attributed to the 
partial pedal motion of the C=C bonds. This pedal motion in this compound has 
been found to be accelerated by the mechanical grinding by pestle and mortar for 
5 minutes along with increased the photoreactivity to 100% tpcb when exposed 
under UV light for 25 h. In the absence of the crystal structure, the resultant 
product is expected to be a 1D CP. Hence this also can be considered as metal 
complex polymerization similar to above examples. 
 
Figure 1- 7. A diagram showing the alignment of bpe molecules in the hydrogen-bonded metal 
complex.  
 




1.6.2. Photoreactivity in CPs using bidentate ligand 
Our group has demonstrated the successful design of photoreactive CPs and 
the first example was reported for the 1D ladderane CP, [(H3CCO2)(µ-
O2CCH3)Zn2(µ-bpe)2] in 2005.
[26]
 In this compound, Zn(bpe) strands are bridged 
by two acetate groups and help to bring the olefin groups of bpe molecules close 
together which are separated by a distance of 3.66 Å and results in the formation 
of 1D ladderane like structure. The Zn
2+
 atoms are chelated by trifluoroacetate 
groups as shown in Figure 1-8. Upon UV irradiation of this compound showed 
quantitative photo cycloaddition of bpe molecules and resulted in the formation of 
1D CP. This is the first SCSC report on solid state [2+2] photo cycloaddition 
reaction in metal mediated compounds. This report opened up new ideas to use 
judicious choice of metal ions and linkers to align the olefinic groups in various 
CPs.  
 
Figure 1- 8. 1D to 1D structural transformation using an infinitely parallel bpe pairs.  




Similar 1D ladderane structures have been synthesized in the recent years 
and also showed quantitative photo cycloaddition reaction in the stereospecific 
manner.
[27]
 In addition, photoreactive 1D CPs have been reported by Biradha 
et.al., with Ag
+
 as a metal and the role of counter anions have been investigated. 
The alignment and the mode of photoreactivity has been controlled by the anions 
along with AgAg and ππ interactions, which showed the role of counter ion on 
the photo cycloaddition reaction.
[28]
  
Natarajan and co-workers presented an interesting report during the 
synthesis of a 3D MOF using thiosulfate anion, a 2D photoreactive CP, 
[Cd2(bpe)3(H2O)4(S2O3)2] has been separated as kinetic product, which has two 
types of bpe molecules coordinated to Cd
2+
. Among these, 67% of bpe molecules 
are aligned each other. UV irradiation of this compound showed complete 
photoreactivity of these 67 % bpe ligands shows the photo transformation of 2D 
CP into 2D CP (Figure 1-9). The thermodynamic product, [Cd(bpe)S2O3] has 
been separated by heating the reaction solution at 60˚C for 72 h with tetranuclear 
[Cd4(S2O3)4] SBU made from Cd4S4 ring. The Cd
2+
 atoms are bridged by S
2-
 
atoms and the other sites of Cd
2+
 are coordinated by bpe ligands and leads in the 
formation of diamondoid network with four fold interpenetration. Though the bpe 
molecules are aligned with each other, the olefinic groups are oriented in 
antiparallel manner, which are separated by 3.79 Å. UV irradiation of this 
compound showed up to ~ 80 % photoreactivity with rctt- isomer due to the 
paddle motion of olefin groups during UV irradiation.
[24]
  





Figure 1- 9. Photo transformation of 2D to 2D CP through solid state [2+2] photoreaction.  
Tong and co-workers synthesized two photoreactive 1D CPs, [M(1,2-




 (28), 1,2-chdc = trans-1,2-
cyclohexanedicarboxylate) [45]. In these CPs, M
2+
 is present in octahedral 
coordination geometry, which has been coordinated by two carboxylate O atoms 
of chdc and other two sites are coordinated by N of bpe and the coordination 
sphere is completed by water molecules. The connectivity of the chdc ligands 
with two different metals leads in the formation of 1D chain, and the bpe 
molecules are interestingly coordinated from only one N and the other side is H-
bonded to the aqua ligands in the neighboring chain. Similarly, the coordinated 
bpe in the next chain is, in turn, also H-bonded to the first chain. Such 
complementary hydrogen bonds align the double bonds of these two bpe in 
parallel with a C···C separation of 3.73Å as shown in Figure 1-10. UV irradiation 
of this compound, the C=C bonds from neighboring bpe molecules form 
cyclobutane rings quantitatively without loss of single crystallinity. The new 
bonds formed in the direction normal to the propagation of 1D CP transformed 
product into 3D network structure with NbO topology 
[29]
. 





Figure 1- 10. Schematic representation of transformation of 1D CP to 3D MOF through photo-
cycloaddition.  
Our laboratory succeeded in the modification of the framework using [2+2] 
photo cycloaddition by PSM. Double pillared PCPs, 
[Zn2(bpe)2(muco)2]·DMF·H2O, [Zn2(bpe)2(bdc)2]·DMF and [Zn2(bpe)2 
(fum)2]·H2O (muco = trans,trans-muconate, bdc = 1,4-benzene dicarboxylate, 
and fum = fumarate) have been synthesized with the nodes [Zn2(O2C-C)4] where 
the Zn
2+
 metals are chelated by a carboxylate and bridged by two carboxylate and 
are separated by a distance of 3.96 Å. While the axial sites of these Zn
2+
 atoms are 
coordinated by bpe molecules and the olefinic groups of these bpe ligands are 
aligned with each other which are separated by a distance of 3.79 Å. Upon UV 
irradiation, all these compounds showed quantitative photo cycloaddition which 
have been confirmed from SCSC in the case of muco and bdc ligands and along 
with other characterization techniques (Figure 1-11).
[19]
  





Figure 1- 11. PSM of 3D MOF through solid state [2+2] photoreaction. 
1.6.3. Photoreactivity in metal complexes using monodentate ligand 
Compared to the bidentate ligands, photoreactivity of monodentate ligands 
are much less explored. This could be due to the challenges faced to design a 
compound to align the olefin bonds. MacGillivray and co-workers are successful 
to utilize the non-covalent interactions such as argentophilic interactions to align 
the olefinic bonds in monodentate ligand, 4spy (4-styrylpyridine) in a metal 
complex [Ag2(4spy)4][TFA]2 where the AgAg interactions bring the olefin 
molecules close together for the photo cycloaddition. Interestingly, there was 
formation of an intermolecular AgC interaction during the [2+2] photo 
cycloaddition reaction which has been conformed from SCSC transformation 
(Figure 1-12).
[30]
 Recently, similar example has been reported regarding the 
photopolymerization of dimer complex (0D, [Ag2(Cl-spy)4(ClO3)2] (where Cl-spy 
= trans-1-(4-Cl-3-pyridyl)-2-(phenyl)ethylene) into 1D coordination polymer in 
SCSC manner from the same group.
[31]
  





Figure 1- 12. Photoreaction of Ag
+
 metal complex assisted by AgAg interactions and formation 
of AgC interaction. 
1.6.4. Photoreactivity in CPs using monodentate ligand 
Although, several examples have been reported by the incorporation of 
olefinic groups in spacer ligands, still it is challenging to align the olefin bonds, 
especially in monodentate or terminal ligand. It is advantageous in making the 
terminal ligand containing olefin groups to be photoreactive which could easily 
transform lower dimensional CPs to higher dimensional through [2+2] photo 
cycloaddition reaction. Using the terminal ligand such as 4spy, Lang and co-
workers recently succeeded in the transformation of 1D coordination polymer 
([Cd(1,3-bdc)(4spy)2] (1,3-H2bdc = 1,3-benzenedicarboxylic acid, 4spy = 4-
styrylpyridine) into 2D layered structure. In this example, a pair of Cd
2+
 atoms 
have been bridged by the carboxylates of 1,3-bdc and the axial sites of these Cd
2+
 
atoms are coordinated by 4spy ligands. Among these 4spy ligands, 50 % of the 




4spy ligands are parallelly aligned in head-to-tail fashion where the olefin groups 
are separated by 3.86 Å. Upon photo cycloaddition of these olefin groups under 
UV irradiation resulted in the formation of 2D sheet structure. The authors have 
also succeeded in the synthesis of furan based ligand during the solvothermal 
synthesis using this unique dimer ligand during the reaction between CdCl2, 1,3-




Figure 1- 13. Photo transformation of 1D to 2D CP and in situ oxidation of rctt-ppcb. 
1.7 Reversibility of cyclobutane ring 
The reversibility of cyclobutane is a known phenomenon, and theoretically 
these reactions will proceed by thermal means in accordance with the Wood-
Hoffman rule. However, such reversible reactions are very rarely observed in the 
solid state and have never been observed in CPs. These reactions will show 




several applications in the optical storage and sensing, if we could successfully 
prove the recyclability of these bonds. Although, recently few reversible reactions 
have been reported in organic compounds, in most cases the organic compounds 
will decompose during the thermal cleavage of cyclobutane. For the first time, our 
laboratory has shown that succeeded in such reversible reactions in 2D CPs. 
Three photoreactive 2D CPs have been synthesized from asymmetric 
photoreactive ligand, trans-2-(4-pyridyl)vinylbenzoic acid (Hpvba) and tbdc = 







[Cd2(pvba)2(tbdc)(dmf)2], [Co2(pvba)2(tbdc) (dmf)2(H2O)2] and 
[Ni2(pvba)2(tbdc)(dmf)2(H2O)2] respectively. In these 2D layered CPs, the pvba 
ligand orient in a head to tail manner and the olefin groups of these ligands are 
well aligned and undergo quantitative [2+2] photo cycloaddition upon UV 
irradiation. Among these compounds, Cd-CP showed the quantitative cleavage of 
cyclobutane by heating the compound at 220˚C for 12 h under vacuum in two 
different ways as shown in Figure 1-14. One possibility results in the formation of 
trans isomer and the other way gives cis isomer of pvba monitored by 
1
H NMR 
and other characterization techniques. Under similar reactions, the other two 
compounds also showed cleavage of cyclobutane up to 56 % and 67 % 
respectively, but such a mixture of cis and trans isomers may not be suitable for 
reversible transformation for many applications (Figure 1-14).
[33]
  





Figure 1- 14. Schematic representation of 2D to 2D photo transformation and its thermal 
reversibility.  
Very recently, our group highlighted the stereo specific reversible thermal 
cleavage of a photo product of 4,4-stilbenedicarboxylate (SDC) in metal-organic 
salt, K2SDC in two polymorphic structures. Among these compounds, only one 
compound showed reversibile cleavage of the cyclobutane rings in an SCSC 
manner due to the packing difference in these polymorphs.
[34]
  
1.8 [2+2] cycloaddition reaction to monitor the structural transformations 
in CPs 
1.8.1 Anisotropic movements of 1D CPs by desolvation 
The close proximity of olefin groups is one of the most important criteria 
for solid state [2+2] photo cycloaddition. By taking this rule of thumb, several 
solid state transformations have been investigated by our laboratory
[10e, 22c, 27b, 35]
 
especially those involving the removal of coordination and lattice solvents from 
the solids during the characterization and reactions due to structural 
rearrangements. In 2006, the formation of ladderane structure from 1D Ag-CP has 
been observed by the solid state photo cycloaddition as a tool to understand the 




anisotropic molecular movements in the solid state along with other 
characterizations. A 1D kinetic product, [Ag(µ-bpe)(H2O)](TFA)·CH3CN has 
been obtained during the synthesis of ladderane structure, [Ag2(bpe)2(TFA)2], 
where Ag
+
 present in T-shaped coordination geometry and coordinated by 
bidentate bpe molecule to forms a 1D CP, and also coordinated by a water 
molecule. The H-atoms of the coordinated water molecule are H-bonded with the 
O atoms of non-coordinated TFA anion and form 2D H-bonded CP. Though the 
olefinic groups of bpe molecules are separated with a distance far from Schmidt’s 
criteria (5.15 Å), the UV irradiation of this compound showed quantitative photo 
cycloaddition after the loss of coordinated water molecule along with lattice 
CH3CN solvent. Due to the loss of this lattice solvent, the single crystals were 
destroyed. The loss of coordinated and lattice solvent at very low temperature 
suggested the possible structural transformation in solid state. The photoreactivity 
of the compound strongly supports the formation of ladderane structure during the 
solvent loss and structural transformation. These 1D ladderane chains are 
thermodynamically stabilized by AgAg and ππ interactions (Figure 1-15).[35b]  





Figure 1- 15. Rearrangement of a linear CP to a photoreactive ladder structure by desolvation.  
1.8.2 Transformation of a linear CP to a ladder structure by thermal 
dehydration 
Similar to above example, another 1D CP, [Cd(bpe)(CH3COO)2(H2O)] has 
been reported by our laboratory. In this CP, Cd
2+
 ions adopted the pentagonal 
bipyramidal geometry and is coordinated to two bpe ligands in trans fashion and 
forming 1D CP and the equatorial positions are coordinated by two carboxylates 
in chelated manner and an aqua molecule. The H atoms of coordinated aqua 
molecule are H-bonded to next chain’s acetate O atoms and forms 2D H-bonded 
CP. The olefin groups are oriented in a crisscross manner and the shortest distance 
between these olefinic groups in this compound is 4.33 Å. However, UV 
irradiation of this compound showed 33% photo cycloaddition after 30 h of UV 




irradiation. Further, the TGA of this compound showed the loss of coordinated 
molecules in the range of 67 - 106˚C. From these observations, there might be 
some structural transformation which allowed the loss of coordinated solvent 
below its boing point and this also would have brought the molecules close 
together for the photo cycloaddition. To investigate this, the compound was 
dehydrated and exposed to UV, which showed quantitative photoreactivity of the 
compound confirmed by 
1
H NMR. In this example also, the solid state photo 
cycloaddition reaction strongly support the migration of bpe molecules close 
together which might have been assisted by the formation of ladderane structure 
after the proper arrangement of acetates during the desolvation and solid state 
transformation (Figure 1-16). This study also proved that solid state 




Figure 1- 16. Structural transformation upon desolvation and its photoreactivity upon UV 
irradiation.  




Very recently, another example has been reported the solid state 
transformation of 1D Cu
2+
 CP to 2D layered structure upon removal of 
coordinated DMF solvent molecules and further transformation to 1D ladderane 
structure either by heating the compound or through mechanical grinding which 




1.9 Mechanochemical reactions 
Since antiquity, the chemical reaction has been accomplished by the 
application of mechanical force. It is known that since the fourth century BC, 
mercury can be obtained by grinding the cinnabar.
[37]
 Later in 1820, Michel 
Faraday established the mechano-chemical grinding reactions into the chemical 
research
[38]
 and in the recent years, research in mechano-chemical reactions 
attracted immense interests and is driven by the quest of solvent-free synthesis of 
various materials in accordance with the green-chemistry agenda.
[39]
  
Most of these reactions are carried out either by a mortar and pestle or a ball 
mill where the powdered reagents were ground together violently with stainless-
steel balls in a sealed vessel. However, the basic mechanism and intermediates or 
transition states of these reactions are very hard to monitor. The characterization 
of product phase is also challenging due to the microcrystalline powders of the 
solid compound at the end of the reactions during this mechano-chemical 
synthesis, which is hard to characterize by SXRD. The recent advances in the 
structure solution by PXRD made it possible to understand the product phase and 




the arrangement of molecules in these products. However, these techniques 
require long time and great expertise. In few cases, the use of some known 
reactions or the reactivity of given compounds would help in understanding of the 
products. Moreover, the structure and phase purity of the final compound can also 
be estimated by comparing the PXRD pattern with that of existing compounds or 
known structures. In few cases, these reactions can be accelerated by the addition 
of minute amount of solvent to accelerate or activate the reaction in solid state. 
These mechano-chemical reactions are known as ‘Liquid Assisted Grinding’ 
(LAG).  
1.10 Cohen's reaction cavity 
According to Schmidt’s topochemical criteria, the solid state photoreaction 
mainly driven by the orientation and alignment of reactive sites (olefin groups) in 
a specified manner and the reactive olefin groups need to show minimum 
molecular movements during the photoreaction. The photoreaction of olefin 
groups (sp
2
 hybridized carbon) converted into cyclobutane (sp
3
 hybridization) 
which causes outward movement of substituted groups to reaction center (olefin). 
Hence for any reaction to proceed successfully in solid state, it must need some 
space available to allow such molecular motion in the required orientation. Cohen 
has used such reactive space in 3D space as reaction cavity. However, if there is 
no enough space available for such a molecular motion considered to the photo 
stable and no reaction could be observed and the compound could be considered 
as photo-stable. 




1.11 Aims of this dissertation 
As mentioned in the above literature, the solid state photoreactivity of metal 
mediated system has been established mostly with bidentate ligand. Furthermore, 
all these transformations are known to undergo photoreaction within the same 
dimensionality and only very few transformations which showed the 
transformation of lower dimensional compounds into higher dimensional 
structures. So it was proposed to use the monodentate ligand to transformation 
lower dimensional CPs to higher dimensional structures through solid state [2+2] 
photo cycloaddition reaction. So in this dissertation, we shall try to synthesize 
number of new metal complexes and CPs using the monodentate photoreactive 
ligand, 4-styrylpyrdine (4spy) and its derivatives (Figure 1-17) which are not 
much explored for photo cycloaddition reactions in metal assisted systems. 
Chapters 2 and 3 will demonstrate the photo cycloaddition and transformation of 
metal complex (0D) to 1D CP. Chapter 4 will describe the transformation of 1D 
CP into 2D layered structure, chapter 5 will present the transformation of 2D 
interdigitated structures to 3D interpenetrated MOF. Overall, this dissertation 
mainly focuses on the photo cycloaddition of monodentate ligand and showed the 
transformation of lower dimensional CPs into higher dimensional through solid 
state [2+2] photo cycloaddition or retro synthetic procedure.  





Figure 1- 17. Chemdraw structures of various derivatives of 4spy which will be used in this 
dissertation.  
In addition, we will also describe the synthesis of three isostructural PCPs 







. In the case of Zn-PCP, the Zn
2+
 is present in SBU and the 
flexibility from this building unit caused the dynamic nature of this compound 
upon exchanging the lattice solvent confirmed by SCSC studies. In contrast, Cd- 
and Mn-analogues showed highly rigid nature formed from octahedral building 
units. Thus, gas sorption studies were performed on these compounds in the light 
of their rigid structure. Due to the highly hydrophilic nature of these compounds, 
the gas adsorption studies showed selective gas sorption of CO2 compared to 
other gases, which will be discussed in chapter 7.  
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Single Crystals Dance Under UV Light: 
The First Example of a Photosalient Effect 
Triggered by [2+2] Cycloaddition Reaction 
 
The extremely rare examples of dynamic single crystals where excitation by light 
or heat induces macroscopic motility present not only a visually appealing 
demonstration of the utility of molecular materials for conversion of energy to 
work, but they also provide a unique opportunity to explore the mechanistic link 
between collective molecular processes and their consequences at a macroscopic 
level. Here, we report the first instance of photosalient effect (photoinduced 
leaping) observed with crystals of three metal-coordination compounds which is 
fuelled by a [2 + 2] photocycloaddition reaction. Unlike a plethora of other 
dimerization reactions, when exposed to even weak UV light, single crystals of 
these materials burst violently, whereby they are propelled to travel several 
millimetres. The results point out to a multistep mechanism where the strain 
energy that has been accumulated during the dimerization triggers a rapid 
structure transformation which ultimately results in crystal disintegration. 
 
Medishetty, R., Ahmad, H., Zhaozhi, B., Runčevski, T., Dinnebier, R. E., Pance 
N. & Vittal, J. J. Single Crystals Dance Under UV Light: The First Example of a 
Photosalient Effect Triggered by [2+2] Cycloaddition Reaction. (Manuscript 
submitted for publication).   





Popping of popcorn is a mechanistically unique phenomenon.
[1]
 As the hard 
shell of corn kernels breaks at high temperature, the thermal energy is converted 
into mechanical energy whereupon the kernels are self-actuated. The underlying 
theory invoked to explain this process calls upon the abrupt increase in 
temperature which causes strong thermal expansion of sugar/starch in the interior 
of the kernels and of the cellulose of the cover peel, resulting from rapid 
accumulation of very high strain. The pressure of the superheated water in the 
interior of the sealed kernel increases up to ~9.2 atm (931 kPa) and adds up to the 
strain on the cellulose cover. Around 450 K, the strain induced by thermal 
expansion exceeds the elastic threshold of the cover and the pericarp bursts out, 
whereby the endosperm turns out as a soft and less dense, spongy foam. If the 
kernel is heated slowly, the fierce popping is not observed as the strain created 
during the slow heating is dissipated before it reaches the threshold. Despite the 
burgeoning research on mechanical effects in crystals,
[2]
 a synthetic mimic of such 
a unique ballistic event of efficient self-actuation has not been designed yet.  
Herein, we report the first instance of an extremely rare phenomenon, 
photosalient effect, 
[2b, 2n]
 where a mechanical response that visually (and to some 
extent, mechanistically) resembles the popping of popcorn kernels on a hot 
surface occurs in single crystals in response to a solid state [2+2] cycloaddition 
reaction.
[3]
 The photosalient effect is a sudden and rapid actuation of crystals 
when they are excited with light whereby the crystals are propelled to distances 
many times their own size.
[2b]
 While studying the photoreactivity of the 




coordination metal complexes [Zn2(benzoate)4(L)2] (II-1 - II-3) [L = 2F-4spy (2-
fluoro-4-styrylpyridine) in II-1, 3F-4spy (3-fluoro-4-styrylpyridine) in II-2 and 
4spy (4-styrylpyridine) in II-3] we accidently noted that when crystals of these 
materials are exposed to even weak UV light, they pop violently (Movie SV6 and 
SV7 in the appendix CD ROM). Although several instances of such actuating 




are known, to the best of 
our knowledge, crystal motility driven by a [2+2] cycloaddition reaction in a 
metal coordination compound has not been reported yet. In an attempt to establish 
a mechanistic link between the macroscopic manifestation of the photosalient 
effect and its origin at a molecular level, here we attempted to capture the 
kinematic details of this extremely rare phenomenon
[2n, 4a-c, 5]
 using a very fast 
camera. We also utilized a variety of analytical methods, including single 
crystal/powder X-ray diffraction (XRD) and microscopy, with kinematic (motion) 
analysis of the crystal locomotion.  
2.2 Results and discussion 
2.2.1 Structural description  
Light yellow block-shaped single crystals of II-1 – II-3 were obtained by 
slow evaporation of methanol solution of Zn(NO3)2, sodium benzoate and the 
respective pyridyl ligand. Single crystal XRD (SXRD) data showed that the three 
compounds II-1 – II-3 are isomorphous and isostructural (Table 2-1). Due to the 
similarities, only the structure of II-1 is described here in detail along with the 
differences in packing with respect to the other two compounds. II-1 crystallizes 




in the monoclinic space group C2/c. A crystallographic inversion centre is present 
at the middle of the paddlewheel structure (Figure 2-1a) where half of the formula 
unit of II-1 is located in the asymmetric unit. The pyridyl and phenyl rings in the 
2F-4spy ligand are twisted by 6. The 2F-4spy ligands are packed in a head-to-tail 
fashion along the [1ī0] axis (Figure 2-1b). The fluorophenyl and pyridyl rings 
from the adjacent molecules are aligned parallel and separated at 3.69 Å, 
indicating strong ··· interactions. As a consequence, the centroids of the C=C 
bonds are at a distance of 3.78 Å. Similarly, the pairs of C=C bond in II-2 and II-
3 are also congenial for [2+2] cycloaddition reactions.
[4c]
 
Table 2- 1. Crystallographic information of 1, 2, 3, 4a and 1 after LED expt.  
  II-1 II-2 II-3 II-4a (II-1)0.212(II-4)0.788 
Sp. Group C2/c C2/c C2/c P1
-
  C2/c 
a (Å) 24.893(3) 25.048 (4) 24.5170(12) 10.4154(8) 25.2813(16) 
b (Å) 12.1633(12) 12.0645 (18) 12.1549(6) 11.0057(8) 12.2101(8) 
c (Å) 15.4411(15) 15.610 (2) 15.5150(8) 11.9310(9) 15.6227(9) 
α (deg) 90 90 90 71.442(2) 90 
β (deg) 108.862(2) 108.856 (2) 108.5170(10) 66.430(2) 110.492(3) 
γ (deg) 90 90 90 65.456(2) 90 
V (Å
3
) 4424.1(8) 4464.1 (11) 4384.14 1121.12(15) 4517.4(5) 
Z 4 4 4 1 4 
Dcalc(g/cm
3
) 1.522 1.508 1.481 1.501 1.490 
μ (mm-1) 1.154 1.144 1.156 1.139 1.131 
GOF 1.075 1.128 1.069 1.133 1.049 
R1 0.0407 0.0304 0.0315 0.0346 0.0388 
wR2 0.1036 0.0822 0.0785 0.0987 0.0946 
 
Where [Zn2(benzoate)4(L)2] (where L = 2F-4spy = 2-fluoro-4-styrylpyridine (II-1), 3F-4spy = 3-
fluoro-4-styrylpyridine (II-2), 4spy = 4-styryl pyridine (II-3) and [Zn2(benzoate)4(rctt-2F-ppcb)] 
(II-4a) (where rctt-2F-ppcb = rctt-1,3-bis(4-pyridyl)-2,4-bis(2-fluoro-phenyl)cyclobutane).  





Figure 2- 1. (a) Coordination geometry in the structure of the monomer, II-1. (b) Relative 
disposition of the olefin groups in II-1. (c) Structure of the photodimer II-4 recrystallized from a 
sample of photoreacted II-1.  
2.2.2 Photoreactivity 
It is clear from the packing that the olefin pairs in II-1 – II-3 can undergo 
quantitative photochemical reaction and the resultant product is expected to be a 
1D coordination polymer (CP) in which the [Zn2(benzoate)4] paddlewheels are 
connected by photodimerized cyclobutane ligands (Figure 2-1c). The course of 
photoreactivity with time was followed under UV light by integrating the 
disappearing signals due to the protons of the pyridyl group in 2F-4spy at 8.57 
ppm and of the evolving signal from the same proton in rctt-2F-ppcb (rctt-2F-
ppcb = rctt-1,3-bis(4-pyridyl)-2,4-bis(2-fluoro-phenyl)cyclobutane) ligand at 
8.37 ppm as well as the tertiary proton of the cyclobutane ring at 4.75 ppm in the 
1
H NMR spectra, after dissolving the irradiated powdered sample in D6-DMSO 




solution at specific intervals of time (see Figures 2-2, S2-2,S2-3 in the SI). All 
compounds II-1 – II-3 showed quantitative photoconversion of their C=C bonds 
to cyclobutane ring in a single step within 60 min of UV exposure (Figure 2-3). 
After the photopolymerization of II-1, II-2 and II-3, the respective 1D CPs 
(hereafter, II-4, II-5 and II-6, respectively) maintained the crystallinity, as 
confirmed with powder X-ray diffraction (PXRD) (Figures 2-4, S2-6 and S2-7). 
Crystal structure determination of a recrystallized sample of the final 
photoproduct of II-1 provided further evidence of the 1D CP, 
[Zn2(benzoate)4(rctt-2F-ppcb)] (II-4a; Figure 2-1c). The photoproduct II-4a 
crystallized in space group Pī, and expectedly, contained the robust 
centrosymmetric binuclear paddlewheel unit connecting the cyclobutane spacer 
ligand rctt-2F-ppcb. 





Figure 2- 2. 1H-NMR spectra of II-1 in D6-DMSO. 
 
Figure 2- 3. Time versus percentage conversion plots for II-1, II-2 and II-3. 





Figure 2- 4. Comparison of PXRD patterns of compound II-1.  
To determine the crystal structure of the product directly, a crystal of II-1 
was irradiated using very weak UV light from a single UV LED source ( = 375 
nm) during 15 minutes, which minimized the crystal deterioration. Diffraction 
data were collected on the irradiated crystal at room temperature. The main 
structure remained identical, however, new peaks in the difference electron 
density evolved, indicating formation of a cyclobutane ring. The disorder was 
modelled successfully by inclusion in the refinement the 1D CP, II-4, which 
refined to 21.2(4)% (Figure 2-5). It clearly indicated that the photochemical 
reaction in II-1 is incomplete and that the photoproduct II-4 co-exists with the 
reactant II-1 (78.8(4)%) in the single crystal. This result corroborated the 
conclusion based on the 
1
H NMR spectra that the photodimer is the only product 
whose evolution triggers the popping, and that there are no other chemical 




intermediates, as observed previously.
[6]
 Attempts to increase the exposure time to 
obtain single crystals containing higher yield of II-4 remained fruitless, because 
the crystals quickly disintegrated (Figure 2-6) and the remaining debris was not 
suitable for diffraction experiments.  
 
Figure 2- 5. Structure of the photoinduced 1D-CP produced in the crystal of II-1 generated in 
yield of 21% after 15 minutes irradiation with a single LED light (375 nm). The hydrogen atoms 
were omitted for clarity.  
  
Figure 2- 6. Cracks on the surface of crystals of II-1 (a-c) after 20-30 minute and (d) after 1 hr 
irradiation with a single LED light (375 nm). 




Since the crystals of II-1 and II-2 have long block morphology with well-
defined faces, we analyzed the orientation of the reactant and product molecules 
in the respective crystals in an attempt to correlate these to the photomechanical 
motion of single crystals. The crystal packing of II-1 is made up of alternating 1D 
chains which are slightly skewed relative to each other (Figure 2-7a). The 1D 
chains interact through π···π interactions to form sheets (Figure 2-7b) that run 
parallel to the (102) and (ī02) planes which are at angles of nearly 108° and 72° to 
the crystal faces (ī10) and (110), respectively. The reaction centres are at the 
double bonds of the 2F-4spy ligands in the sheets (Figure 2-7a). Dimerization 
between the ligands of neighbouring chains that are related by (½–x, ½–y, 1–z) 
and run parallel to the (102/ī02) plane draws the double bonds and the respective 
ligands closer to each other to form a cyclobutane ring.  
 
Figure 2- 7. (a) View of the crystal structure showing the nearly orthogonal 2F-4spy ligands (in 
purple). (b) Schematic representation of the relative orientation of the adjacent 1D chains within 
the lattice.  




In contrast to II-1 and II-2, large single crystalline blocks of II-3 with 
random and ill-defined morphology were yielded from methanol, which exhibited 
significantly weaker popping under UV light. However, from ethanol we obtained 
thin rod-like crystals (Figure 2-8) with morphology similar to II-1 and II-2. These 
crystals were actuated faster and to longer distances compared to the blocks, 
similar to II-1 and II-2. The face indices of this habit were identical to those of 
II-1 and II-2. We conclude that indeed, the rate of actuation/mechanical motion 
of single crystals is morphology-dependent.  
  
(a) (b) 
Figure 2- 8. Single crystal morphology of II-3 (a) and II-3 (b).  
2.2.3 Kinematic analysis 
The apparent cause for the popping and disintegration of these single 
crystals was due to the strain generated during the photochemical reaction in the 
crystal as a result of structural transformation. To perform kinematic (motion) 
analysis, well-shaped crystals of II-1 – II-3 were selected and excited with a 
medium-pressure Hg-lamp. The rapid motion of the crystals was captured with an 
optical microscope coupled to a high-speed camera operating at time-resolution of 




up to 5  103 s−1. About 20 crystals of each compound were examined. The high-
speed recordings of the samples exposed to UV light showed that the crystals 
exploded and jumped in different directions from their original position (see 
Movies SV1–SV8 in the appendix CD ROM). The crystals exhibited 
predominantly three kinematic effects illustrated by the snapshots in Figure 2-9: 
(a) very long crystals predominantly underwent rolling or flipping, (b) medium-
size crystals hopped with separation of a small piece off the crystal that propelled 
the remaining part into a spinning or linear motion, and (c) small-size crystals 
showed splitting into several pieces with explosion. Thus, not only does the 
popping depend on the morphology of the single crystal, but it also depends on its 
size.
[2g, 2l]
 These factors could alter not only the rate of actuation, but also the type 
of mechanical motion such as popping, hopping, leaping, sliding, and rolling.
[2g, 
4b]
 This sample-dependent behaviour can be explained by the strain created along 
different axes in an anisotropic structure. 
 
Figure 2- 9. (a) Rolling or flipping, (b) separation of a small fraction off the crystal which propels 
the remaining portion of the crystal, (c) explosion or splitting of a crystal.  




Inspection of crystals that have been restrained from motion by immersion 
in thin layer of oil showed development of visible parallel cracks in their interior 
(Figures 2-10a and 2-10b). The relationship between the external morphology and 
the internal packing of molecules is shown in Figure 2-10. The distance between 
the cracks depends on the irradiation time. Irradiation with LED light for 20 
minutes generated cracks 20–40 m distant from each other, with an average 
separation of 27 m (Figure 2-6).  
 
Figure 2- 10. (a and b) Crystals of II-1 whose motility has been restrained by cryo-oil (the crystal 
faces (110) and (ī10) are shown here before and after UV irradiation, respectively. (c–g) 
Projection of the molecular packing of II-1 viewed along different faces of the crystal. Red lines 
in diagrams (c and d) show the direction of cracking of the crystal. The hydrogen atoms were 
omitted for clarity.  




The anisotropy in the distortion of the unit cell as a result of photochemical 
reaction could provide a hint of the mechanisms of disintegration and the 
subsequent locomotion. Crystals of II-1 were subjected to UV light of low power 
density by exposure to light from a 375 nm LED for 25–30 min. The unit cell 
determined at 200 K before and after UV irradiation showed significant changes 
in the cell parameters (Δa = 0.362(48), Δb = 0.038(24), Δc = 0.187(32) Å, Δβ = 
2.12(2)°, ΔV = 75.5(26) Å3; Table 2-3). After UV irradiation, the unit cell of II-1 
crystals expanded by +1.44% along the a-axis, and +1.20% along the c-axis (200 
K). The change (+0.31%) was negligible along the b-axis. The strain accumulated 
over a long range resulted in generation of cracks in the [111] direction and nearly 
orthogonal to c-axis, i.e., the longest dimension of the crystal (Figures 2-10a, b 
and Figure 2-6). From the distance between the cracks, we calculated that about 
4.9 × 10
4
 parallel layers react before a sufficient stress has been accumulated for 
the crack to appear. This macroscopic separation occurs at very high rate, 
estimated to below 1.2 m·s
–1
 from the high-speed recordings, providing sufficient 
kinetic energy for the pieces to fly apart. 




Crystal 1 Crystal 2 Crystal 3 Crystal 4 
Before UV  After UV Before UV  After UV Before UV  After UV Before UV  After UV 
a (Å) 25.123(11)  25.74(3) 25.162(9) 25.53(8) 25.141(11) 25.355(14) 25.159(1) 25.41(3) 
b (Å) 12.224(5)  12.34(16) 12.229(4) 12.24(4) 12.228(5) 12.267(6) 12.242(5) 12.23(16) 
c (Å) 15.519(8)  15.80(2) 15.557(6) 15.74(5) 15.528(8) 15.657(9) 15.535(7) 15.69(2) 
β (°) 109.127(9) 111.4(1) 109.248(9) 111.99(3) 109.19(14) 110.613(12) 109.193(8) 111.24(11) 
V (Å
3
) 4503(6)  4672(17) 4519(5) 4560(40) 4508(6) 4573(7) 4519(5) 4546(18) 
 




A comparison of the crystal data of the partially polymerized sample (II-
1)0.212(II-4)0.788 with that of II-1 implies that even after ~21% polymerization 
there is a significant increase in the volume of the crystals that pop out (in air) or 
crack (in oil). The density and the unit volume for the 1D CP II-4, calculated 
from the partially polymerized product from LED experiments of II-1 are 1.371 
g·cm
–3
 and 4910.4 Å
3
. This calculated density matched fairly well the density, 
measured by the flotation method, of the powder obtained after quantitative 
conversion of II-1 into II-4 (1.394(3) g·cm
–3
). Since II-4a is a recrystallized 
product, the molecules packed better (in Pī) relative to either (II-1)0.212(II-4)0.788 
or II-4, affording a more tightly packed structure with density of 1.501 g·cm
–3
. 
These results show that there is an increase of volume by 11% (corresponding to 
486.3 Å
3
) during the photodimerization. The two phases (II-1 and II-4) can 
coexist in a single crystal with ~21% of II-4. Beyond this ratio, the phase-
heterometry
[5]
 creates stress due to the increase of unit cell volume and the release 
of stress causes the ballistic motion of the crystals.  
2.2.4 Solid state kinetics of photoreaction 
To monitor the reaction course, the evolution of the photoproduct phase was 
followed in-situ, by time-resolved powder X-ray diffraction (Figure 2-11, S2-6). 
The kinetics of the reaction was modelled by applying the JMAK model,
[7]
 which 
has been successfully applied previously to a number of [4+4] dimerizations.
[8]
 
The model relies on the equation ln(–ln(1–x)) = n·ln(t) + n·ln(k) that is 
represented graphically as Sharp-Hancock plot and yields a straight line with a 
slope that equals to n and has intercept n·ln(k), where t is the collapsed time, x(t) 




is the evolved fraction of the product, k (s
–1
) is the reaction rate constant and n is 
the Avrami exponent. Although in the original theory, n can have values of 
minimum 1, recently More et al. showed fractional value in the case of 9-
anthracenecarboxylic acid dimerization, successfully describing the reaction 
kinetics by including a negative autocatalytic step, an indication of 
autoinhibition.
[8b]
 Accordingly, we conclude that the reaction starts 
homogeneously but it is autoinhibited later on, which corresponds to the popping 
and increased mosaicity of the crystals. On the other hand, the formation of 1D 
CPs II-4 – II-6 from the Zn2+ complexes II-1 – II-3 follow simple first order 













 respectively (Figure 2-11, S2-4 and S2-5 in SI). 
 
Figure 2- 11. Sharp-Hancock plot of II-1 showing two separated regimes. Intercept: two-
dimensional projection of the observed X-ray intensity, plotted as function of diffraction angle and 
time. 





Figure 2- 12. First order reaction plots for photo cycloaddition of II-1. 
The collective results support the hypothesis that a phase-heterometry 
during the polymerization in these Zn
2+
 complexes causes very high strain in the 
crystal, accompanied by sudden expansion of the unit cell volume. The fast 
photoreaction and the short time available for release of the generated stress 
during formation of the new phase result in accumulation of strain to a threshold 
value, beyond which it is released by one of several ballistic events. In a far 
analogy, this behaviour resembles the popping of rapidly heated popcorn kernels.  
2.3 Summary 
We report, for the first time, an unprecedented photoactuation of single 
crystals of three metal-coordination compounds due to a solid state [2+2] 
cycloaddition. The photosalient effect of these materials is attributed to the strain 
created by sudden expansion during the [2+2] cycloaddition reaction, leading to 
the formation of 1D CPs. The three isomorphous and isostructural coordination 
complexes undergo similar photoreaction and exhibit similar photoactuating 
phenomenon. This result sets the path for systematic studies into the effects of 




chemical modification on the photosalient effect. The dependence of the 
mechanical effect on crystal morphology is attributed to the alignment of reactive 
C=C bonds relative to the specific crystallographic axes in the generation of strain 
during the photochemical reaction. The elongation of the crystals in the [001] 
direction was found to enhance the popping relative to the other habits. The time 
profile of the reaction, monitored by in-situ time resolved powder X-ray 
diffraction and solution 
1
H NMR spectroscopy, showed that due to the phase 
heterometry, after the formation particular amount of photo product the strain 
created in the crystal caused the mechanical motion of single crystals. Having 
demonstrated that solid-state [2+2] photo cycloaddition reactions can be utilized 
for conversion of light into mechanical motion, this study opens the door for 
further studies into materials for alternative energy conversion. In prospect, the 
impressive motility of these materials due to the photosalient effect suggests that 
careful control over the crystal shape and size could be a viable approach to the 
design of photoactuating systems with improved photomechanical properties.  
2.4 Experimental details 
Materials and general methods  
All the chemicals and solvents were of reagent or better grade and 
purchased from different commercial resources and used without further 
purification. Powder X-ray diffraction (PXRD) data were recorded on a D5005 
Siemens X-ray diffractometer with graphite monochromatized Cu K radiation ( 
= 1.54056 Å) at room temperature (298 K). NMR spectra were recorded on a 300 




MHz Bruker Avance 300 FT-NMR spectrometer by calibrating the residual 
solvent as the reference in D6-DMSO solution. Thermogravimetric analysis 
(TGA) was performed under nitrogen atmosphere with a heating rate of 5˚C min-1 
on a TA instruments SDT-2960. The C, H, N analysis were carried using 
Elementar Vario Micro Cube instrument at the Elemental Analysis Lab, 
CMMAC, Department of Chemistry, National University of Singapore. The UV 
irradiation experiments were conducted in a LUZCHEM UV reactor. In case of 
Time Vs Dimerization plots, the ground single crystals were packed between the 
Pyrex glass sides placed in the UV reactor. These glass slides were flipped back at 
regular intervals of time to maintain the uniform exposure of UV radiation or 
placed vertically for uniform exposure of UV light. Due to the rapid 
photoreaction, only two lamps (out of 14 lamps) were used to decrease the rate of 
the photoreaction.  
Crystal data of all these crystals were collected on a Bruker APEX 
diffractometer attached with a CCD detector and graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å) using a sealed tube. Absorption corrections were 
made with the program SADABS,
[9]
 and the crystallographic package 
SHELXTL
[10]
 was used for all calculations. For SCSC/in situ reactions, Crystals 
of II-1 were mounted on cryo-loop and shined with very weak UV light using a 
single LED (375 nm) (mounted in a ring) for 20 to 30 min. Cryo-loop was moved 
to diffractometer for subsequent data collection.
 
Synthesis of II-1: Colourless rod like single crystals were obtained from slow 
evaporation of the methanol solution of Zn(NO3)2·6H2O (15 mg, 0.05 mmol), 




sodium salt of benzoic acid (14.4 mg, 0.1 mmol) and 2F-4spy (10 mg, 0.05 mmol) 
and dried at room temperature. Yield: 23.6 mg (60 %); 
1
H NMR (300 MHz, 298 
K, D6-DMSO): δ = 8.57 (d, 4H, pyridyl protons of 2F-4spy), 7.2–7.7 (m, 16H, 
aromatic protons of 2F-4spy), 7.95 (d, 8H, benzoate protons), 7.3–7.5 (m, 12H, 
benzoate protons); elemental analysis (%) Calcd for C27H20FNO4Zn: C, 63.98; H, 
3.98; N, 2.76. Found: C, 64.05; H, 3.69; N, 2.81. IR (KBr pellet, cm
–1
): 1638, 
1575, 1485, 1402, 1223, 1172, 1068, 1029, 967, 840, 758, 716, 676, 573, 513, 
459.  
Synthesis of II-2: Colourless rod-like single crystals were obtained by using the 
same synthetic procedure as II-1 by using 3F-4spy instead of 2F-4spy. Yield: 23.6 
mg (60 %). 
1
H NMR (300 MHz, 298 K, D6-DMSO): δ = 8.58 (d, 4H, pyridyl 
protons of 3F-4spy), 7.2–7.7 (m, 16H, aromatic protons of 4spy), 7.95 (d, 8H, 
benzoate protons), 7.2–7.5 (m, 12H, benzoate protons); elemental analysis (%) 
Calcd for C27H20FNO4Zn (623.67): C, 63.98; H, 3.98; N, 2.76. Found: C, 63.89; 
H, 3.72; N, 2.73. IR (KBr pellet, cm
–1
): 1636, 1576, 1490, 1402, 1172, 1139, 
1069, 1027, 966, 855, 817, 783, 716, 679, 556, 514, 459. 
Synthesis of II-3: Light orange yellow single crystals were obtained by using the 
same synthetic procedure as II-1 by using 4spy instead of 2F-4spy. Yield: 23.1 
mg, (60 %). 
1
H NMR (300 MHz, 298 K, D6-DMSO): δ = 8.58 (d, 4H, pyridyl 
protons of 4spy), 7.2–7.7 (m, 18H, aromatic protons of 4spy), 7.96 (d, 8H, 
benzoate protons), 7.2–7.5 (m, 12H, benzoate protons); elemental analysis (%) 
Calcd for C27H21NO4Zn: C, 66.33; H, 4.33; N, 2.86. Found: C, 65.94; H, 3.91; N, 




2.83.IR (KBr pellet, cm
–1
): 1637, 1574, 1505, 1401, 1226, 1172, 1069, 1032, 965, 
873, 839, 816, 715, 690, 538, 458.  
Synthesis of II-4a: Pale yellow single crystals were obtained by recrystallizing 
the UV irradiated sample of II-1 in methanol by slow evaporation. 
1
H NMR (300 
MHz, 298 K, D6-DMSO): δ = 8.37 (d, 4H, pyridyl protons of rctt-2F-ppcb), 4.75 
(s, 4H, cyclobutane protons of rctt-2F-ppcb); 6.8–7.7 (m, 14H, aromatic protons 
of rctt-2F-ppcb), 7.96 (d, 8H, benzoate protons), 7.3–7.5 (m, 12H, benzoate 
protons). IR (KBr pellet, cm
–1
): 1615, 1569, 1492, 1402, 1228, 1175, 1106, 1070, 
1027, 937, 814, 757, 720, 685, 564, 456.  
X-ray crystallography 
Structural data for all these compounds were collected at 100(2) K on Bruker 
APEX diffractometer attached with a CCD detector and graphite-monochromated 
Mo Kα (λ = 0.71073 Å) radiation through a sealed tube (2.4 kW). An empirical 
absorption correction was applied to the data by using the SADABS
[9]
 program 
and the crystallographic package SHELXTL
[10]
 was used for all calculations. 
Density measurements  
Table 2- 3. Density measurements for II-4 using floating method. 




















 from  
II-1-after LED 
expt. 
2 7001.6 5 1.40032 
3 6995.2 5 1.39904 
4 6987.3 5 1.39746 
5 6968.4 5 1.39368 




Density of II-4 was measured by floatation method using hexane (density 0.6548 
g/ml) and tetrachloroethylene (TCE, density 1.62 g/ml).   
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Figure S2- 1. Displaying C–HF interactions between the layers of II-1.  
 
Figure S2- 2. 
1
H-NMR spectra of II-2 in D6-DMSO. 





Figure S2- 3. 
1
H-NMR spectra of II-3 in D6-DMSO. 
 
Figure S2- 4. First order reaction plots for photo cycloaddition of II-2. 





Figure S2- 5. First order reaction plots for photo cycloaddition of II-3. 
 
Figure S2- 6. Schematic (a) and actual setup (b) diagram for in-situ UV-powder diffraction 
experiment. 




High-resolution X-ray powder diffraction patterns were collected on laboratory 
powder diffractometers:  8 Advance powder diffractometer [ ruker, CuKα1, 
radiation from primary Ge(111)-Johannson-type monochromator, Vǻntag-1 
position sensitive detector (PSD), with an opening angle of 6º in Debye-Scherrer 
geometry; and Stoe Stadi-P with CuKα1 radiation from primary Ge(111)-
Johannson-type monochromator and Dectris-MYTHEN 1K strip PSD with an 
opening angle of 12º in 2θ, also in Debye-Scherrer geometry. 
 
Figure S2- 7. Comparison of PXRD patterns of compound II-2. 





Figure S2- 8. Comparison of PXRD patterns of compound II-3.  
 
Figure S2- 9. TGA and DTG of compound II-1. 





Figure S2- 10. TGA and DTG of compound II-2. 
 
Figure S2- 11. TGA and DTG of compound II-3. 






single-crystal transformation of 
mononuclear to dinuclear Zn
2+
 complexes 
by [2+2] cycloaddition reaction 
 
The polymerization of metal complex is of great interest due to several 
advantages. In this work, the synthesis and polymerization of two metal 
complexes through dinuclear metal complex intermediate has been described. 
This dinuclear metal complex has been characterized through SCSC photo 
cycloaddition reaction. Most interestingly, these dinuclear metal complexes can 
be converted back into their metal complexes by heating these dinuclear metal 
complexes. One of these dimer complexes maintained their single crystallinity 
even after heating the compound. Overall, this is an unprecedented SCSCSC 
(SC
3
) thermally reversible photoconversion. Fascinatingly, blue shift in the 
photoluminescence has been observed during the photo cycloaddition reaction 
which could be due to the formation of exciplexes in DMF solvent.  
 
Medishetty, R., Yap, T. T. S., Koh, L. L. & Vittal, J. J. Thermally reversible 
single-crystal to single-crystal transformation of mononuclear to dinuclear Zn
2+
 
complexes by [2+2] cycloaddition reaction. Chem. Commun. 49, 9567-9569 
(2013).  





Crystal engineering principles provide an avenue for the construction of 
functional crystalline solids via templated solid-state reactions with remarkable 
stereo-control.
[1]
 Quite often the unique structures resulted from the solid state 
reactions are not accessible by the traditional solution synthesis. In solid state, 
various supramolecular interactions like H-bonding, π-π stacking, CH - π etc., 
allow the molecules to be held more tightly in their positions, which in turn 
control molecular dynamics. Such weak interactions favor certain arrangement of 
molecules (which is difficult to achieve in the solution) to accomplish regio- and 
stereoselective products. In this regard, solid-state [2+2] cycloaddition reaction 
has been extensively studied not only in organic chemistry but also in metal 
complexes, CPs and MOFs.
[2] 
 
Photopolymerization reaction is one of the interesting reactions in solid-
state organic photochemistry and has been well studied in many organic systems 
such as acetylene, ethylene, muconates and diolefinic aromatic compounds 
including 2,5-distyrylpyrazine, DSP.
[3]
 These polymerization reactions have also 
been found to take place in metal complexes.
[4]
 In recent years, metal complexes 
have been used as monomers for the photopolymerization reactions through [2+2] 
cycloaddition reactions.
[4]
 The use of metal ions may be a convenient way to 
incorporate or fine tune the optical, electrical and magnetic properties in the 
polymers.  




The simple conversion of a pair of C=C bonds present in the ligands to a 
cyclobutane ring by UV irradiation has been elegantly exploited to transform the 
CPic structures from one type to another in the solid state.
[2e-g]
 To our surprise, 
such photodimerization reaction has rarely been investigated in simple metal 
complexes, for example, to convert a mononuclear metal complex to a dinuclear 
metal complex in the solid state.
[2, 4]
  
The cyclobutane ring formed by [2+2] cycloaddition reaction can be in 
principle cleaved back to olefins in the solid state. These reversible cycloaddition 
and cleavage reactions are very interesting and fundamentally important to gain 
more insights on the solid-state reactivity. However, only a few photoreactive 
organic molecules have been reported to cleave in a reversible manner.
[3c, 5]
 Such 
reversible photoreactive systems find potential applications in photo-switches, 
optical recording, sensors etc. A very important factor to be considered for 
cleaving cyclobutane ring is its selectivity. It may not be desirable, if the 
cyclobutane ring obtained from the combination of two trans-monomers cleaves 
to a mixture of trans- and cis-monomers. Recently, CPs have been found to 
undergo thermal cleavage of cyclobutane ring to a mixture of trans- and cis-
monmers.
[6]
 Therefore, it still remains to be discovered molecular systems which 
exhibit reversible formation and cleavage of cyclobutane ring in stereo-selective 
manner. It is therefore, challenging to make stereo selective thermal cleavage. 
This work present the photopolymerization of a simple mononuclear Zn
2+
 
complex containing two terminal 4-styrylpyridine (4spy) ligands by [2+2] 
cycloaddition reaction in the solid state. This polymerization proceeds through the 




dimer intermediate, which was isolated and structurally characterized in the solid 
state and in solution. The dimerization occurs in a SCSC manner and further this 
dimer can be converted back to monomer by heating at 220˚C for 2 days, again by 
an SCSC fashion (Scheme 3-1). A similar behavior was also observed when 2-
fluoro-4-styrylpyridine (2F-4spy) ligand was used instead of 4spy. It is interesting 
to note that the solid-state photopolymerization of DSP by [2+2] cycloaddition 
reaction also goes through a dimer intermediate.
[3a, 7]
 Further, these compounds 
show promising photo emissive properties. 
 
Scheme 3- 1. Schematic diagram showing the reversible dimer formation in double SCSC fashion 
and its polymerization to 1D CP. 
3.2 Results and discussion 
3.2.1 Structural description of [ZnBr2(4spy)2] 
Yellow block-like single crystals of [ZnBr2(4spy)2] (III-1) were synthesized 
by careful layering of methanolic solution of 4spy over an aqueous solution of 




ZnBr2 with 1-propanol as a buffer. Single crystal X-ray crystallography revealed 
that Zn
2+
 is present in the tetrahedral coordination geometry by bonding to the 
pyridyl-N atoms of the two 4spy ligands and two bromide anions. One of these 
4spy ligands (atoms N1 to C13) has been found to be disordered. Two disorder 
models were resolved with the occupancy factor refined to 0.619(5) for the major 
fragment and the rest or minor (Figure 3-1). Interestingly this disordered 4-spy 
ligand maintains planarity (interplanar angles between the pyridine and phenyl 
rings are 7.6 and 2.6). These disordered planar 4spy ligands in the neighboring 
molecules are related by the crystallographic center of inversion and are well 
aligned by face-to-face and head-to-tail fashion (HT). The centroid-centroid 
distances between pyridine and phenyl groups are 3.68 and 3.74 Å. As a result, 
the center-to-center distances between the C=C in this pair of the well-aligned 
4spy ligands are 3.73 and 3.71 Å (Figure 3-1). In contrast, the interplanar angle 
between the pyridyl and phenyl rings in the other ordered 4spy ligands (atoms N2 
to C26) is 35.4˚. Although face-to-face ππ interactions are absent, they are 
stabilized by CHπ (aromatic) interactions from both sides with a distance of 
2.74 and 2.78 Å. Moreover, the ortho-proton from the phenyl group is also 
making a CHπ (olefin) bond to the neighboring rings with a distance of 2.87 Å 
(Figure 3-2 and 3-3). Due to these interactions, the distance between the 
neighboring olefinic groups of these non-planar 4spy ligands is 5.16 Å.  
 






Figure 3-1. Packing of III-1 showing the orientations of the 4spy ligands in the neighboring 
molecules (top). ORTEP diagram with disorder present in III-1 (bottom).  
 
Figure 3-2. CHπ (aromatic ring) interaction observed in III-1. The centroids are shown as red 
balls. The H-atoms are not shown for clarity. 





Figure 3-3. CHπ (olefin) interaction in III-1. 
3.2.2 Photoreactivity of III-1 
It is obvious that only 50% of the 4spy can undergo photochemical reaction 
and the monomeric complex can cleanly form a dinuclear Zn
2+
 complex, based on 
the Schmidt’s topochemical criteria.[8] Indeed, UV irradiation of the single 
crystals III-1 for 24 h showed photoreactivity between this pair of 4spy ligands 
and the formation of rctt-1,3-bis(4-pyridyl)-2,4-bis(phenyl)cyclobutane (rctt-
ppcb) was confirmed by 
1
H-NMR spectral data from the appearance of 
cyclobutane peak at 4.59 ppm and new pyridyl peak at 8.29 ppm for the rctt-ppcb 
ligand. Further, when the single crystals were used, they were intact at the end of 
the photoreaction (Figure 3-4).  







H-NMR spectra of single crystals of III-1, in D6-DMSO, subjected to UV irradiation 
at different intervals of time.  
This prompted us to determine the solid state structure of the product, III-2 
by single crystal X-ray crystallography and confirmed the formation of the 
expected dimer complex, [Zn2Br4(rctt-ppcb)(4spy)2] (III-2) (Figure 3-5). The 
same space group P21/n and similar cell data were maintained as III-1, but with a 
slight increase in the volume of the unit cell (1.57%). Further the disorder 
originally present in 4spy ligand in III-1 has also been retained in the disordered 
cyclobutane ligand in III-2 (Figure 3-6). A crystallographic centre of inversion is 
present in the middle of the cyclobutane ring.  





Figure 3-5. A ball and stick diagram showing the molecular structure of III-2. Only one disorder 
component is shown for the rctt-ppcb ligand. 
 
Figure 3-6. Schematic view showing the photo transformation of monomer to dimer complex in 
SCSC manner. The disordered part showed in orange color.  
The formation of new covalent bonds during the photoreaction caused 
increase in the distances between the olefinic groups of unreacted 4spy ligands in 
the neighboring complexes from 5.16 Å and 5.21 Å to 5.31 Å and 5.37 Å. To our 
surprise such a simple structural transformation of a mononuclear metal complex 
to a dimer by [2+2] cycloaddition reaction has not been observed before. 




3.2.3 Reversibility of dimer complex, III-2 
Most interestingly, heating the dimer complex, III-2 at 220˚C for 48 h 
showed complete disappearance of cyclobutane protons in the 
1
H-NMR spectrum 
of the powder dissolved in D6-DMSO and exhibits a complete reversible 
structural transformation of III-2 to III-1 (Figure 3-8). Surprisingly, the single 
crystals of III-2 were still intact at the end of the thermal treatment. The cell 
parameters collected for the heated III-2 (now called III-1) on the single crystal 
X-ray diffractometer are similar to those of III-1. Although weakly diffracting, 
data could have been collected for successful solution and refinement and thus 
established cyclobutane cleavage of III-2 to III-1 in a SCSC manner. To the best 
of our knowledge, such a reversible structural transformation between metal 
complexes due to cyclobutane formation by UV light and its cleavage by heating 
has not been demonstrated before. Overall, this is an SC-SC-SC (SC
3
) process, 
which appears to be unprecedented in solid state reactivity. In other words, by UV 
irradiation of the single crystals of III-1 (monomer complex) leads in the 
formation of III-2 (dimer complex) and after heating this photodimer results in 
the formation of III-1 (monomer complex) and all these transformations 
happened within the single crystal and termed as SC
3
 transformation.  
An attempt was also made to prepare the dimer complex III-2 from its 
components but the powder X-ray diffraction (PXRD) pattern of this compound 
was different from the pattern simulated from the single crystal data of III-2 
(Figure 3-9). Furthermore, III-2 was not photoreactive unlike III-2 when tested. 




To further understand this, we conducted DSC measurement for III-2 as 
shown in Figure 3-7 which showed broad endo and exo thermic peaks. To find the 
possible transformations at these broad endo and exo thermic peaks below 
~200˚C, we heated the single crystals of III-2 at 100˚C and 160˚C for 48 h. But 
we did not observe any significant deference in 
1
H NMR. Therefore we concluded 
that the endothermic after ~ 200˚C would be responsible for the thermal 
reversibility.  
 
Figure 3-7. DSC of III-2. 







H-NMR spectra of III-2, in D6-DMSO, (a) before and (b) after heating at 220°C for 
48 h, showing the formation of III-1.  
 
Figure 3-9. Comparison of PXRD patterns of (a) simulated from single crystal data of III-2 and 
(b) the precipitated compound from its reactants, III-2. The mismatch of these PXRD patterns 
indicates that the two have different crystallographic phases. 




To understand the course of the photoreactivity of III-1, the progress of the 
reaction under UV light was followed with time. This is done by integrating 
disappearance of the protons of the pyridyl group in 4spy at 8.54 ppm and 
appearance of the same proton in rctt-ppcb ligand at 8.30 ppm as well as the 
tertiary proton of the cyclobutane ring at 4.60 ppm in the 
1
H-NMR spectroscopy 
after dissolving the irradiated single crystals or its powdered sample in D6-DMSO 
solution at specific intervals of time. The single crystals of III-1 showed 50% 
photoconversion to III-2 in 24 h of UV exposure as shown in Figure 3-10. 
However, after 50% photoconversion the crystals started losing its single 
crystallinity. Whereas, the reactivity of the ground powder was found to be very 
high and showed a break at 50% conversion within 2 h of UV irradiation. This 
might be due to higher surface area exposed under UV light. The [2+2] 
cycloaddition reaction was found to continue in the solid state and showed 
quantitative conversion of all the C=C bonds in 4spy to cyclobutane ring in 60 h.  





Figure 3-10. Time versus percentage conversion plots of ground powder of III-1, ground powder 
of III-4, single crystals of III-1 and single crystals of III-4. 
The final product of this photoreaction is expected to be a 1D CP 
[ZnBr2(rctt-ppcb)], (III-3). Further the PXRD pattern of III-3 showed 
considerable loss of crystallinity. Slow reactivity after the formation of III-2 and 
loss of long range order (crystallinity) could be due slow long range movements 
of the terminal 4spy ligands in III-2 in the solid state, lattice asymmetries and 
defects (Figure 3-11). Overall, the quantitative conversion of the mononuclear 
metal complex, III-1 to the CP, III-3 through the dinuclear intermediate, III-2 
seems to be very unique and not been detected in any of the metal complex 
polymerization studied so far.
[4]
 On the other hand, this two-step metal-complex 









Figure 3-11. Comparison of PXRD data: (a) simulated from single crystal data of III-1, (b) 
experimental pattern of III-1, (c) simulated from single crystal data of III-2, (d) experimental 
pattern of III-2, (e) experimental pattern of III-3.  
The cycloreversion reaction was also attempted to investigate whether 3 can 
be converted back to 2 or 1 by heating. However, the 
1
H-NMR spectral data 
showed that the thermal reactions leads to the uneven cleavage of cyclobutane to 
both trans and cis isomers of 4spy (~65 and 25% respectively) along with the 
isomerization cyclobutane from rctt to rtct (~10%) as shown in Figure 3-12. The 
cleavage of cyclobutane ring in the 1D polymer was not found to be 
stereoselective. 







H-NMR spectra in D6-DMSO, of (a) metal complex, III-1 (b) after complete 
photopolymerization, III-3 and (c) after thermal treatment of the polymer, III-3 at 220C for 48 h 
showing non stereo specific cleavage of cyclobutane into the both trans and cis isomers of 4spy 
(~65 and 25% respectively) along with the isomerization of cyclobutane from rctt to rtct (~10%). 
3.2.4 Structural description of [ZnBr2(2F-4spy)2] (III-4) 
In order to establish the generality of this two-step polymerization reaction 
through the dimer intermediate, 2F-4spy ligand was used instead of 4spy. Single 
crystal XRD studies revealed that [ZnBr2(2F-4spy)2] (III-4) is a mononuclear 
metal complex isomorphous and isostructural to III-1, except for the absence of 
CHπ (olefin) interactions (Figure 3-3). Similar to compound III-1, III-4 also 




showed SCSC dimerization due to the formation of cyclobutane rings between 
two monomers through [2+2] cycloaddition reaction to [Zn2Br4(rctt-2F-ppcb)(2F-
4spy)2] (III-5) (where rctt-2F-ppcb = rctt-1,3-bis(4-pyridyl)-2,4-bis(2-fluoro-
phenyl)cyclobutane) under UV light in 24 h. Further, the solid state structure of 
III-5 is isotypical to III-2. As seen from Figure 3-10, the photoreactivity of 
ground powder of III-4 dramatically increased as compared to III-1 such that 
80% conversion of C=C bonds to cyclobutane ring occurs just within 2 h. In other 
words, the reaction did not stop at the formation of the dimer, when III-4 was 
ground to a powder with a pestle and mortar. This might be probably due to the 
effect of fluoro substituent and decrease in the CHπ (olefin) interactions. 
However, the reaction was slow after this step and 100% conversion was achieved 
in 36 h as monitored by 
1
-NMR studies in solution. The product of the [2+2] 
cycloaddition reaction is again expected to be a 1D CP [ZnBr2(rctt-2F-ppcb)] 
(III-6). Although the behavior is very similar to 4spy derivative, III-6 has better 
crystallinity compared to III-3.  
To ascertain the solid state structure, III-6 was recrystallized from a mixture 
of DMF/THF to obtain the single crystals suitable for intensity data collection by 
single crystal X-ray crystallography. The solid state structure of the recrystallized 
compound III-6 confirmed the formation of the expected 1D CP [ZnBr2(rctt-2F-
ppcb)] as shown in Figure 3-13. It may be noted that III-6 was also crystallized 
in the same space group P21/n with slight variations in the cell parameters. There 
is a very slight increase in the volume of the unit cell from 2450.4(7) Å
3
 in III-5 
to 2462.2(13) Å
3
 in III-6. The n-glide propagates the polymer chain instead of 




crystallographic center of inversion in III-4 and III-5. The PXRD pattern of III-6 
was found to fairly matched with that of the simulated pattern of III-6 thus 
confirming the connectivity and phase purity of III-6 (Figure 3-14). 
 
Figure 3-13. A ball and stick diagram showing the polymer chains of III-6. The H atoms are not 
shown. 
 
Figure 3-14. (a) simulated pattern from the single crystal data of III-6, (b) experimentally 
observed pattern of III-6. The difference in the intensities may be due to preferred orientations of 
the powder.  
The polymerization may involve intermediates other than the dimer. The 
PXRD studies of the products at different intervals of the photoreaction were not 
of much help as the products become less and less crystalline towards the end. 
Further, FAB-MS has been attempted to characterize the products after 80% of 




photoreaction but, no trimer or tetramer peaks have been observed (Figure 3-15). 
Hence, it is likely that the dimer is the only intermediate in the polymerization 
process. An attempt was also made to prepare the dimer, III-5 from its 
components. The 
1
H-NMR and elemental analysis of III-5 were fairly matched 
with the dimer III-5, but the PXRD pattern did not match with the simulated 
pattern from the single crystal data of III-5 (Figure 3-16). Furthermore, III-5 was 
not photoreactive unlike III-5 when tested. It appears that the solid state reaction 
may be the unique way to access the dimers III-2 and III-5. 
 
Figure 3-15. FAB-MS Spectra of III-4 after 80% photoreaction (top), zoomed (bottom) (m/z = 
941, [ZnBr(rctt-Fppcb)2]
+
); (m/z = 1167, [Zn2Br3(rctt-Fppcb)2]
+
); (m/z = 1249, [Zn2Br4(rctt-
Fppcb)2(H)]
+
 from the polymer).  




Similar to III-2 the thermal reversibility of III-5 was attempted. The 
product obtained when III-5 was heated to 220ºC for 24 h showed the formation 
2F-4spy as monitored by 
1
H-NMR spectroscopy (Figure 3-17) but the single 
crystals were not retained. Further the polymer III-6 also exhibited cyclobutane 
ring cleavage to 2F-4spy upon thermal treatment (Figure 3-18) similar to III-3. 
 
Figure 3-16. Comparison of PXRD patterns of (a) simulated from single crystal data of III-5 and 
(b) the precipitated compound from its reactants, III-5. The mismatch of these PXRD patterns 
indicates that the two have different crystallographic phases. 







H-NMR spectra of III-5, in D6-DMSO, (a) before and (b) after heating at 220°C for 




H-NMR spectra in D6-DMSO, of (a) metal complex, III- 4 (b) after complete 
photopolymerization, III-6 and (c) after thermal treatment of the polymer, III-6 at 220C for 48 h 
showing the non-stereo specific cleavage of cyclobutane similar to III-3.  




3.3 Photoluminescence properties  
As these ligands exhibit photo emissive properties
[10]
 and further the 
delocalization of the π electron cloud is disturbed due to the formation of 
cyclobutane rings, the photoluminescence (PL) properties of the metal complexes 
were investigated (Figure 3-19 and Figure 3-20). Only the emissive properties of 
III-4 - III-6 are described here. In the case of monomer III-4, the purplish blue 
emission peak, max at 360 nm (ex, 310 nm) was observed by measuring the 
fluorescence in DMF solution, which is very similar to the ligand emission. This 
PL peak is broadened and red shifted to 370 nm and 380 nm for the dimer III-5 
and 70% of the photo cycloaddition product of III-4 respectively (Figure 3-20). 
These might be due to the combination of emissions from 2F-4spy and rctt-2F-
ppcb ligands. Interestingly the polymer III-6 exhibits bluish green emission 
arising from three broad peaks at 353, 395 and 412 nm along with a small 
shoulder at higher wavelength at ~ 430 nm. Similar red shift has been observed in 
the photopolymerization of III-1, except that III-3 furnished single peak unlike 
III-6 (Figure 3-19). In addition the UV-Vis absorption spectra of these polymers 
also blue shifted to max at 267nm compared 300 nm of the monomers and ligands 
(Figure 3-21). Usually cycloaddition reaction will quench or blue shift the 
emission. Interestingly, here [2+2] cycloaddition reactions red shifted the 
emissions. This could be due to the possible excimer formation which is known 
for similar compounds reported before.
[11]
  





Figure 3-19. Photoluminescence spectra of compound III-1 at different UV irradiation times in 
DMF (ex = 310 nm). 
 
Figure 3-20. Photoluminescence spectra of III-4 at different UV irradiation times in DMF (ex = 
310nm). 





Figure 3-21. UV-Vis absorption spectra of 4spy and 2F-4spy and III-1 to III-6 in DMF.  
3.4 Summary 
The salient features of this work are summarized here: (i) Two 
photoreactive metal complexes have been found to polymerize under UV light by 
[2+2] cycloaddition reaction to 1D CP via a stable dimer intermediate. (ii) The 
dimer which has 50% of the alkene groups converted to cyclobutane ring was 
isolated and characterized in both the cases. (iii) In the case of 4spy ligand, the 
monomer, III-1 to dimer, III-2 conversion was accompanied by SCSC manner. 
(iv) Both dimers III-2 and III-5 in the solid state can be converted back to 
monomers III-1 and III-4 by heating. In other words, the cyclobutane ring can be 
formed and reversibly cleaved stereoselectively back to the monomers. (v) SCSC 
transformation was observed in the case of dimer III-2 to monomer III-1 
conversion. (vi) Such SC-SC-SC (SC
3
) transformation has rarely been observed 
here in the solid state formation by UV irradiation and thermal cleavage of 






 (vi) The polymerization of the metal complexes observed 
here is different from what has been observed before. The two-step photochemical 
process appears to mimic the photopolymerization of the well-known four 
centered di-olefinic aromatic compounds, DSP. (v) The red shift in the PL from 
purplish blue to bluish green emission during the photopolymerization of III-4 is 
possibly due to the formation of excimer during the photopolymerization.  
3.5 Experimental details 
Materials and general methods  
The UV absorption spectral measurements were conducted on a 
SHIMADZU UV-2450 UV-VIS Spectrophotometers. The photoluminescence 
spectral measurements were conducted on a HORIBA Jobin Yvon Fluoromax-4 
spectrofluorometer by dissolving the compound in DMF at room temperature in 
air using an excitation wavelength of 300 nm.  
Synthesis of compound III-1: Light yellow single crystals, [ZnBr2(4spy)2] have 
been harvested within two days by careful layering of the methanolic solution of 
4-styrylpyridine (4spy, 9.1 mg, 0.05 mmol) over an aqueous solution of 
ZnBr2.2H2O (6.5 mg, 0.025 mmol) using 1-propanol as the buffer and washed 
with methanol and dried at room temperature. Yield: 5.8 mg (40 %). 
1
H-NMR 
(D6-DMSO. 300 MHz, 298 K): δ = 8.54 (d, 2H, pyridyl protons of 4spy), 7.2-7.7 
(m, 9H, aromatic protons of 4spy), Elemental analysis (%) Calcd for 
C26H22N2Br2Zn (587.67): C, 53.14; H, 3.77; N, 4.77. Found: C, 53.44; H, 3.59; N, 
4.73. 
III-2: Dark yellow single crystals of [Zn2Br4(4spy)2(rctt-ppcb)] were obtained by 
irradiating the single crystals of III-1 under UV light for 24h in a Luzchem 




reactor at 365 nm. 
1
H-NMR (D6-DMSO. 300 MHz, 298 K): δ = 8.54 (d, 2H, 
pyridyl protons of 4spy); 8.30 (d, 2H pyridyl protons of rctt-ppcb); 4.60 (s, 2H, 
cyclobutane protons of rctt-ppcb); 6.8- 7.7 (m, aromatic-9H of 4spy, 14H of rctt-
ppcb). 
III-1: The single crystals of 2 were heated at 220˚C for 48 h. 1H NMR (D6-
DMSO. 300 MHz, 298 K): δ = 8.54 (d, 2H, pyridyl protons of 4spy), 7.2-7.7 (m, 
9H aromatic protons of 4spy). 
III-2: Light yellow crystalline [ZnBr2 (rctt-2F-ppcb)0.5(2F-4spy)] was obtained 
instead of III-5 by mixing the methanolic solution of 2F-4spy (10.0 mg, 0.05 
mmol), rctt-2F-ppcb (10 mg, 0.025 mmol) and ZnBr2.2H2O (13.0 mg, 0.05 mmol) 
and washed with excess methanol and dried at room temperature. 
1
H-NMR (D6-
DMSO. 300 MHz, 298 K): δ = 8.54 (d, 2H, pyridyl proton of 2F-4spy), 8.30 (d, 
2H, pyridyl protons of rctt-2F-ppcb), 4.65 (s, 4H, cyclobutane protons of rctt-2F-
ppcb); 6.8- 7.7 (m, aromatic-8H of 2F-4spy, 12H of rctt-2F-ppcb), Elemental 
analysis (%) Calcd for C26H22N2Br2Zn (587.67): C, 53.14; H, 3.77; N, 4.77. 
Found: C, 53.41; H, 3.64; N, 4.74. 
III-3: The powdered III-1 was packed between the slides and irradiated under 
UV light by flipping the slides at regular intervals of 12 h. 
1
H-NMR (D6-DMSO. 
300 MHz, 298 K): δ = 8.30 (d, 2H, pyridyl protons of rctt-ppcb), 4.60 (s, 2H, 
cyclobutane protons of rctt-ppcb); 6.8- 7.7 (m, 14H, aromatic protons of rctt-
ppcb). 




III-4: Compound [ZnBr2(2F-4spy)2] was synthesized similar to III-1, but 2F-4spy 
was used instead of 4spy ligand. Light yellow single crystals of III-4 were 
harvested within a few days and washed with methanol and dried at room 
temperature. Yield: 6.5 mg (42%).
 1
H-NMR (D6-DMSO. 300 MHz, 298 K): δ = 
8.54 (d, 2H, pyridyl proton of 2F-4spy), 7.2-7.8 (m, 8H aromatic protons of 2F-
4spy). Elemental analysis (%) Calcd for C26H20N2Br2F2Zn (623.67): C, 50.07; H, 
3.23; N, 4.99. Found: C, 50.01; H, 3.05; N, 4.45.  
III-5: Obtained by the UV irradiation of single crystals of III-4 for about 18 h. 
1
H-NMR (D6-DMSO. 300 MHz, 298 K): δ = 8.54 (d, 2H, pyridyl proton of 2F-
4spy), 8.30 (d, 2H, pyridyl protons of rctt-2F-ppcb), 4.65 (s, 4H, cyclobutane 
protons of rctt-2F-ppcb); 6.8- 7.7 (m, aromatic-8H of 2F-4spy, 12H of rctt-2F-
ppcb). 
III-5: Light yellow crystalline [ZnBr2(2F-4spy)(rctt-2F-ppcb)0.5] was obtained 
instead of III-5 by mixing the methanolic solution of 2F-4spy (10.0 mg, 0.05 
mmol), rctt-2F-ppcb (10 mg, 0.025 mmol) and ZnBr2.2H2O (13.0 mg, 0.05 mmol) 
and washed with excess methanol and dried at room temperature. 
1
H-NMR (D6-
DMSO. 300 MHz, 298 K): δ = 8.54 (d, 2H, pyridyl proton of 2F-4spy), 8.30 (d, 
2H, pyridyl protons of rctt-2F-ppcb), 4.65 (s, 4H, cyclobutane protons of rctt-2F-
ppcb); 6.8- 7.7 (m, aromatic-8H of 2F-4spy, 12H of rctt-2F-ppcb), Elemental 
analysis (%) Calcd for C26H20N2Br2F2Zn (623.67): C, 50.07; H, 3.23; N, 4.99. 
Found: C, 50.20; H, 3.07; N, 4.60. 




III-6: The powdered crystals of III-4 were irradiated under UV lamp for 36 h. 
1
H-NMR (D6-DMSO. 300 MHz, 298 K): δ = 8.30 (d, 2H, pyridyl protons of rctt-
2F-ppcb), 4.65 (m, 2H, cyclobutane protons of rctt-2F-ppcb); 6.9- 7.4 (m, 12H, 
aromatic protons of rctt-2F-ppcb). 
III-6: Compound [ZnBr2(rctt-2F-ppcb)]], was recrystallized from 1:2 (v/v) 
mixture of DMF/THF. 
1
H-NMR (D6-DMSO. 300 MHz, 298 K): δ = 8.30 (d, 2H, 
pyridyl protons of rctt-2F-ppcb), 4.65 (m, 2H, cyclobutane protons of rctt-2F-
ppcb); 6.9- 7.4 (m, 12H, aromatic protons of rctt-2F-ppcb). 
Table 3-1. Crystallographic information of III-1, III-2, III-4 - III-6. 
Cell 
data 














Sp. Grp. P21/n P21/n P21/n P21/n P21/n 
a, Å 9.4853(5) 9.5694(12) 9.6230(9) 9.6691(15) 11.015(3) 
b, Å 12.9621(6) 13.0123(16) 13.0226(11) 13.252(2) 12.395(4) 
c, Å 19.1602(9) 19.216(2) 19.0893(17) 19.137(3) 18.034(6) 
, ° 90.9170(10) 91.437(3) 90.861(2) 92.175(4) 90.529(8) 
V, Å
3 
2355.4(2) 2392.0(5) 2391.9(4) 2450.4(7) 2462.2(13) 
Z 4 2 4 2 4 
d, g.cm
-
3 1.657 1.632 1.732 1.690 1.682 
µ mm
-1
 4.451 4.383 4.400 4.295 4.28 
GOF 1.037 1.113 1.104 0.943 1.106 
R1 0.0293 0.0642 0.0441 0.0632 0.1462 
wR2 0.0703 0.1176 0.1139 0.1478 0.4208 
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[ZnBr2(4spy)2], III-1: One of the spy is disordered. The two independent spy 
ligands (N1 – C13 atoms have been refined to 0.6194(48). The C=C and C-C 
distances are fixed using DFIX option while soft constraints were applied to other 
disordered atoms. 
 
Figure S3- 1. The asymmetric unit of III-1 is shown along with the number scheme and disorder 
in one of the 4spy ligands. 
 
Figure S3- 2. The non-bonded distances between the non-coplanar 4spy ligands are shown. The 
torsion angle in the 4spy ligands is 58.8˚. 




[Zn2Br4(rctt-ppcb)(4spy)2], III-2: The center of cyclobutane is at the 
crystallographic inversion center. The cyclobutane ligand rctt-ppcb (N2, C14-
C26) is disordered. Two independent components were refined to 0.594(15). The 
cyclobutane rings is constrained using DFIX option. 
 
Figure S3- 3. Molecular structure of III-2 is shown along with the numbering scheme and disorder 
in the rctt-ppcb ligand.  
[ZnBr2(2F-4spy)2], III-4: One of the 2F-4spy ligand was severely disordered. 
Two disorder components were refined to 0.652(4). Further the F atom is also 
disordered with H atom. The F atom in the second Fspy ligand is also disordered 
(0.905(6)). Constraints and restraints were applied to both Fspy ligands in the 
final model. 
 
Figure S3- 4. The asymmetric unit of III-4 is shown along with the numbering scheme and 
disorder in the 2F-4spy ligand.  





Figure S3- 5. A ball and stick diagram is showing the relative orientations of the disordered 4spy 
in the solid state structure of III-4. 
 [Zn2Br4(rctt-2F-ppcb)(2F-spy)2], III-5: The rctt-2F-ppcb ligand is disordered. 
Two different components were included in the structural model and refined to 
0.674(6). The cyclobutane bonds were constraints using DFIX option while soft 
restraints were applied to keep an ideal geometry for these disordered 
components. In both the ligands, the F and H were found to be disordered. In the 
2F-spy ligand, the F disorder component was refined to 0.723(11). 
 
Figure S3- 6. Molecular structure of III-5 is showing the numbering scheme and disorder in the 
rctt-2F-ppcb ligand.  
 
Figure S3- 7. A ball and stick diagram is showing the molecular structure of III-5 and the 
disordered rctt-Fppcb ligand. 




 [ZnBr2(rctt-2F-ppcb)2], III-6: Poorly diffracting nature of the polymer is 
responsible for the poor quality of the data which is in turn responsible for the 
high agreement factors. 
 
Figure S3- 8. The asymmetric unit of III-6 is shown with the numbering scheme. 
Explanation of mass spectrometry details in Figure 3-15: To confirm the 
presence of trimmers and tetramers we have measured EI-mass spectrometry as 
shown in Figure 3-15 for more than two times which gave almost identical results. 
The results are discussed in the as follows. To find the molecular fragment in the 
mass spectrometer, the molecules need to be ionized. Hence I tried to ionize the 
molecule along with possible short time reactions at the detector and tried to 
correlate the results in a systematic manner. The presence of mono-nuclear 
complex and dimer can be easily observed from spectra at m/z values at 541 
(expected 541) and 1163(expected 1164) after ionization of bromine atom 
respectively. Similarly the trimmer and tetramer peaks at 1795 (1790) and 2414 
(2414) also has been observed. However, these peaks also could be observed as 
the derivative peaks from monomer and dimer inside the ionization chamber. To 
overcome such ambiguity we tried to investigate the peaks which could only be 
observed from trimmer and tetramer but not from any short time reactions at the 
detector such as molecular ion peaks at m/z = 2060 and 1668 need to be observed 




along with m/z = 1591 in the case of tetramer. But we could not find these peaks 
in our spectra. Hence we suggested that there is no presence of trimmer and 
tetramer units formed during the photoreactions. In the current version of thesis I 
included this explanation in the supporting information of chapter-3. 
 
Figure S3- 9. Comparison of PXRD data: (a) simulated from single crystal data of III-4, (b) 
experimental pattern of III-4, (c) simulated from single crystal data of III-5, (d) experimental 
pattern of III-5. 





Figure S3- 10. 
1
H-NMR spectra of III-1 in D6-DMSO, subjected to UV irradiation at different 
intervals of time. 
 
Figure S3- 11. 
1
H-NMR spectra of III-4, in D6-DMSO, subjected to UV irradiation at different 
intervals of time. 





Figure S3- 12. TGA and DTG of compound III-1. 
 
Figure S3- 13. TGA and DTG of compound III-3 
 
Figure S3- 14. TGA and DTG of compound III-4. 





Figure S3- 15. TGA and DTG of compound III-6 
 
Figure S3- 16. DSC of III-5. 
 





Role of Substituents on the Photoreactivity of 
Hydrogen-Bonded 1D Coordination Polymers 
and Their Transformation to 2D Layered 
Structures 
 
In this chapter we describe the syntheses of three 1D and one 2D CPs from 
Cd
2+
 and bdc and different derivatives of 4spy ligands such as, 4spy, 2F-4spy, 
2NO2-4spy and 3NO2-4spy. With 4spy, a 1D CP was obtained as a kinetic 
product which showed solid state structural transformation upon removal of 
solvent and the proposed final structure has been elucidated with the help of [2+2] 
photo cycloaddition reaction. Similarly, with 2F-4spy, a similar 1D CP was 
obtained, but 2F-4spy was sandwiched between the polymers instead of the 
solvent molecules, which showed two-step photo cycloaddition reaction with 
host-guest and host-host molecules containing C=C bonds. With 2NO2-4spy gave 
an interdigitated 1D CP. Though the olefin groups are aligned, cycloaddition was 
not observed which has been attributed to the steric hindrance caused by NO2 
substituent. Finally, with 3NO2-4spy gave a 2D CP which showed photo 
cycloaddition between the layers up to 60% photo conversion.   





In this modern era, crystal engineering is considered as one of the eminent 
fields for the design and synthesis of functional materials for targeting specific 
application and properties.
[1]
 This terminology was first used by Schmidt during 
the solid state [2+2] photo cycloaddition reaction of cinnamic acid in the 
molecular crystals. In later years, these concepts have been applied to different 
fields such as co-crystals and CPs. One can also utilize the crystal engineering 
concepts to synthesize highly strained cyclobutane ring in a stereospecific manner 
in both co-crystals and CPs.
[2]
 The successful synthesis of organic solids such as 
co-crystals and other molecular crystals for different applications demonstrated 
the proficiency of crystal engineering in inorganic and hybrid materials, such as 
zeolites and MOFs in recent years.
[1, 3]
 However, the utilization of these principles 




Solid state transformation is a very fascinating area of research, as the 
kinetic products are converted into thermodynamic products by cooperative 
structural reorganization. These transformations lead to significant changes in the 
properties due to the reorganization of the structure and bonds in the three 
dimensional space.
[2e, 2f, 5]
 However, it is very often difficult to elucidate the final 
structures of these compounds after solid state transformation due to the limited 
characterization techniques for the evaluation of solid state structures of these 
compounds. Single-crystal X-ray diffraction remains the only major technique for 
a long time to characterize the solid state structures unequivocally. Even so, this 




technique is limited for many solid state structural transformations due to the 
stringent requirement that, the integrity of the single crystal nature must be 
retained during the transformation. However, this may not be possible due to the 
loss of solvents, new bond formation and breaking during this process. Although 
powder XRD could be employed for the crystalline powders, this technique is not 
available as single crystal X-ray crystallography for routine analysis. In order to 
understand the structure after the solid state transformations, one can use other 
techniques with limited applications. In this work, [2+2] photo cycloaddition 
reaction has been successfully employed as a tool to study the solid state 
transformation as these compounds have ligands containing C=C bonds.  
This current work describes the synthesis of different CPs from Cd
2+
, bdc 
and 4spy or its derivatives and showed different photoreactivity depending on the 
nature of substituent. In the case of 1D CP with 4spy, the olefin bonds are far 
from Schmidt’s criteria; this compound showed photoreactivity due to the 
structural transformation after the loss of coordinated and lattice solvent. The final 
structure of this desolvated compound has been confirmed by using solid state 
[2+2] photo cycloaddition reaction and NOESY NMR studies. Upon using 2F-
4spy instead of 4spy, similar 1D CP has been obtained but the lattice solvent has 
been replaced by 2F-4spy molecule as a guest molecule and also helped in 
aligning the double bonds between the coordinated 2F-4spy ligands. UV 
irradiation of this compound showed quantitative photoreaction between guest-
host along with host-host photoreaction. This is one of the rarest photo 
cycloaddition reactions which showed quantitative photo cycloaddition of olefin 




between host-guest molecules. Upon recrystallization of this photo product in 
DMF and water through solvothermal synthetic procedure showed the formation 
pillared layered structure with trinuclear Cd-node with rctt-2F-ppcb as pillar. 
Similarly, 2NO2-4spy instead of 4spy resulted in the formation of 1D CP. 
Although the olefinic groups are aligned, photoreactivity has not been observed 
during the UV experiments of this compound. This has been rationalized due to 
the steric hindrance caused by -NO2 substituent. By changing the position of 
ortho-NO2 substituent to meta-NO2-4spy resulted in the formation of an 
interdigitated 2D CP with Cd2O2 tetranuclear core. The olefinic groups of 3NO2-
4spy which are bonded to the adjacent Cd
2+
 atoms are aligned in parallel along 
with the 3NO2-4spy ligands from adjacent layers. Upon UV irradiation of this 
compound showed up to 60 % photoreactivity between the layers in HT fashion 
and revealed the transformation of 2D interdigitated structure to 3D MOF.  
4.2 Results and discussion 
4.2.1 Structural Description of [Cd(bdc)(4spy)2(H2O)]2H2O2DMF (IV-1) 
Light yellow blocks of [Cd(bdc)(4spy)2(H2O)]2H2O2DMF, (IV-1) were 
obtained by slow diffusion of Cd(NO3)2, 4spy (4spy = 4-styrylpyridine) into the 
aqueous solution of Na2bdc (bdc = 1,4-benzenedicarboxylic acid). Single crystal 
X-ray diffraction results revealed that the asymmetric unit has half the formula 
unit for Z = 4 in the monoclinic space group C2/c. The Cd
2+
 center in pentagonal 
bipyramidal geometry is chelated by two carboxylates of bdc linkers roughly in a 
trans fashion along with an aqua ligand in the equatorial plane. The nitrogen 




atoms of the two 4spy ligands occupy the axial positions along crystallographic a-
axis (Figure 4-1). A crystallographic 2-fold rotation axis is present along Cd1-O3 
(aqua oxygen atom). The coordination between the bdc linker and Cd
2+
 results in 
the formation of a 1D CP along the c-axis and a crystallographic inversion center 
is also present in the middle of the bdc ligand. The H-atoms of the coordinated 
water molecule form H-bonds with the oxygen atoms of the coordinated 
carboxylates (O-HO 1.97 Å) from the adjacent chains and leads to the formation 
of 2D H-bonded polymeric structure along the b-axis (Figure 4-1a). For more 
efficient packing, these 1D coordination chains are interdigitated through the 4spy 
ligands as shown in Figure 4-1b and the rest of the void space has been occupied 
by lattice DMF and water molecules (Figure S4-1 in SI).  
 
 (a)                                             (b) 






Figure 4-1. (a) The coordination geometry of IV-1 with atom labels. The symmetry operator - x; 
y; 0.5 - z has been applied and showed with extension ‘A’. (b) H-bonded chains, (c) packing of 
IV-1 showing the alignment of 4spy ligands.  
4.2.2 Structural Transformation due to Desolvation of IV-1 
The shortest distance between the olefinic groups of the neighboring 4spy 
ligands is 6.01 Å, which is well beyond the Schmidt’s topochemical criteria 
(Figure 4-1b).
[6]
 Despite this, UV irradiation of IV-1 for 24 h showed ~ 30% 
[2+2] photo cycloaddition reaction between the C=C bonds of 4spy, as monitored 
by the 
1
H-NMR spectroscopy in D6-DMSO after a drop of HNO3 added to 
dissolve the photo-irradiated sample. Moreover, TGA showed the loss of both 
coordinated and lattice water in the temperature range ~ 50-85
o
C, followed by the 
complete removal of DMF guest molecule before 115
o
C. It is interesting that both 
the coordinated and lattice water along with DMF guest molecules were lost well 








C, see Figure 4-2). The driving force 
for such loss of coordinating and lattice solvents well below their expected 
temperature has been attributed to the formation of new bonds accompanying 
structural transformation.
[2e, 2f, 4, 7]
 Indeed a similar DMF loss from a 1D CP 
leading to the structural transformation has been reported recently.
[8]
 Hence, it is 
anticipated that the solvent loss at such a lower temperature can lead to the 
formation of thermodynamically more stable 2D CP as shown in the Scheme 4-1. 
Further, the heat generated during UV radiation of 1 was enough to trigger partial 
solvent loss and hence 30 % reactivity observed between the C=C bonds in 4spy 
can account for the partial structural transformation.  
 
Figure 4-2. TGA and DTG of compound IV-1. 





Scheme 4-1. The proposed mechanism of structural transformation of IV-1 due to desolvation is 
shown. 
The plausible mechanism for this desolvation process is proposed as 
follows. The loss of the aqua ligand along with the guest water molecule leaves a 
vacant coordination site at Cd
2+
. This site can readily be filled by the nearest 
carboxylate O atom of bdc from the adjacent chain as shown in Scheme 4-1. This 
is supported by the fact that the Cd1∙∙∙O2 distance in the adjacent strand involved 
in O-HO hydrogen bonding discussed earlier, is 4.70 Å. The strain formed 
during the new Cd1-O2 bond formation accompanied by the molecular 
rearrangements would have expelled the DMF guest molecules from the solid at a 
lower temperature. As a result, IV-1 is likely to transform to a highly stable layer 
structure. During the transformation the formation of a Cd2O2 ring is expected 




with the CdCd distance of ~ 3.8 to 3.9 Å. Such a dinuclear core can template the 
axially coordinated 4spy ligands to come closer with the parallel orientation and 
satisfy the Schmidt’s topochemical criteria (< 4.2 Å).[6] Thus the completely 
desolvated IV-1, i.e., the proposed 2D CP structure is expected to be 
photoreactive. Indeed when IV-1 was heated at 60
o
C for 2 h to remove all the 
solvents and packed between the pyrex glass slides and UV irradiated for 60 h and 
1
H NMR of this compound showed the quantitative photo cycloaddition of 4spy 
to form 3 (Figure 4-3).
[2e, 4, 8]
 Attempts to preserve the monocrystalline nature of 
this desolvated compound were unsuccessful. A CSD search reveals that a 
repeating unit similar to that proposed here is reported.
[9]
 Further the simulated 
PXRD pattern does not exactly match with the observed PXRD patterns (Figure 
4-4). This could be attributed to heat generated by the mechanical grinding using 
pestle and mortar during the sample preparation which might have triggered some 
solvent loss and hence new phase formation during the sample preparation for 
PXRD experiments.  







H-NMR spectra of IV-2 before and after UV irradiation in D6-DMSO with a drop of 
HNO3 (both the pyridyl protons are broad due to the protonation and charge on the pyridine). 
  
Figure 4-4. Comparison of PXRD data: (a) simulated from single crystal data of IV-1, (b) 
experimental pattern of IV-1 with small quantities of solvent, (c) PXRD pattern after grinding 
(after solvent loss), IV-2. 




Though we considered the close proximity of 4spy ligands templated by the 
Cd2O2 core for quantitative photo cycloaddition of 4spy, still there might be 
another possibility for the better alignment between the 4spy ligands in the 
adjacent layers also after the expulsion of DMF guests. In other words, the 
photoreaction between the neighboring 4spy ligands templated by Cd2O2 core 
within the layer structure would result in the formation of head-to-head photo 
dimer. This photoreaction will lead to structure the formation of another 2D CP 
structure. Similarly, if the reaction has undergone between the adjacent layers, 
then one would expect the formation of head-to-tail (HT) dimer as shown in 
Figure 4-5. But the 1D-NMR did not provide much information regarding the 
product formation whether it is HH or HT product (Figure 4-3).  
 
 
Figure 4-5. Schematic view showing the possible HH and HT (within the layer and between the 
layers) alignment of 4spy in IV-2, head-to-tail and head-to-head dimer structures of ppcb.  
Therefore, 2D NMR experiment was carried out to unravel the 
stereochemistry of the final product formation after the photoreaction. During the 
NOESY experiments, one expects to observe no correlations and interaction 
between the pyridyl and phenyl protons for HH product (Figure 4-5) as they are 
far from each other. On contrary, a correlation between the pyridyl and phenyl 




protons (Hb and Hd in Figure 4-6) has been observed which suggests that the 
photo cycloaddition reaction of 4spy has undergone in an HT fashion. Therefore, 
this 2D NMR study strongly supports the formation of HT product due to the 
photo cycloaddition of 4spy and the transformation 2D layered structure to 3D 
MOF through [2+2] photo cycloaddition has been favored in the dehydrated 1 
(called 2). So 2D NOESY spectral data confirm that the transformation of 1D CP 
to 2D layer structure occurs through dehydration of 1 and the photo cycloaddition 
of 2 leads in the transformation of the resulted 2D CP to 3D MOF structure. Here 
is another example to illustrate that the solid state [2+2] photo cycloaddition 
reaction has been used as a tool to study the anisotropic solid state structural 
transformation due to the desolvation process.  
 
Figure 4-6. The correlation between the pyridyl and phenyl protons in NOESY spectra of IV-3. 
(the Hb peak is broad as it is very close to the charged/protonated nitrogen atom).  




Interestingly, upon grinding of Cd(OAc)2, bdc and 4spy in stoichiometric 
ratio with 50 µl of DMF produced IV-2 (desolvated IV-1) which has been 
confirmed by PXRD pattern (Figure 4-7). The ease of removal of acetic acid 
which formed as a side product in this reaction probably facilitated the formation 




Figure 4-7. (a) compound IV-2, (b) compound IV-2 synthesized by mechanochemical grinding. 
4.2.3 Structural Description of [Cd(bdc)(2F-4spy)2(H2O)]2F-4spy (IV-4) 
Attempts have been made to synthesize the dehydrated structure by using 
the fluoro substituted ligand, 2-Fluoro-4-styrylpyridine (2F-4spy) anticipating 
that the smaller size F atom may not alter the framework structure and the FF 
interactions could forge better interactions to result in the desolvated structure 
discussed before for IV-1. The compound [Cd(bdc)(2F-4spy)2(H2O)]2F-4spy, 
(IV-4) crystallized in the same space group C2/c as IV-1, with Z = 4. The 
structural connectivity of the 1D CP is also very similar to IV-1. More 
interestingly, the lattice DMF and water solvents in IV-1 have been replaced by 




non-coordinated 2F-4spy ligand. This guest 2F-4spy molecule is sandwiched 
between the coordinated 2F-4spy ligands in neighboring chains as shown in 
Figure 4-8. 
 





Figure 4-8. Packing of the guest 2F-4spy molecules in IV-4 showing the orientations of the 2F-
4spy host and guest molecules.  
Unlike DMF, the 2F-4spy guest has low volatility which could not be 
removed just by heating. Moreover, the TGA did not show any low temperature 
dehydration as IV-1 and the coordinated water loss occurs until ~ 170˚C which 
suggests that there is no structural transformation (Figure 4-9) possible. In 
contrast to IV-1, the PXRD pattern of as synthesized compound matched well 
with the simulated pattern (Figure 4-10) which also suggests that IV-4 is very 
stable compound unlike IV-1 and also very robust to grinding. Similar to IV-2, 
this compound also can be synthesized using mechanochemical synthesis (Figure 
4-10). 





Figure 4-9. TGA and DTG of compound IV-3. 
 
Figure 4-10. Comparison of PXRD data: (a) simulated from single crystal data of IV-4, (b) 
experimental pattern of IV-4, (c) compound IV-4 synthesized by mechanochemical grinding. 
Most interestingly, the guest 2F-4spy molecule is sandwiched between the 
two coordinated 2F-4spy ligands and was found to be disordered 50:50 ratio 
(Figure 4-8b). The guest 2F-4spy is aligned parallel with the coordinated 2F-4spy 
(host) ligands on both sides with a distance of separation between the centroids of 
the olefinic groups of 3.71 Å. Further, the coordinated 2F-4spy ligands (host-host) 




are aligned in crisscross manner and are separated by distance of 4.65 Å (Figure 
4-8). Hence, it is logical to expect that [2+2] cycloaddition reaction between the 
host and the guest 2F-4spy will occur if IV-4 is exposed to UV light. Surprisingly, 
this solid IV-4 undergoes quantitative [2+2] photo cycloaddition reaction between 
all the 2F-4sy ligands and guests, upon irradiation of UV light for 2 h, as 
confirmed by the 
1
H-NMR spectroscopy (Figure 4-11). Unfortunately our 
attempts to obtain single-crystals at the end of the reactions were not successful, 




H-NMR spectra of IV-4 subjected to UV irradiation at different intervals of time in 
D6-DMSO with a drop of nitric acid. 
The observed photoreactivity has been rationalized based on the packing 
and that reported in literature, as follows. It may be assumed that UV irradiation 
process, all the C=C bonds are aligned parallel and the distances between the C=C 




bonds are well below 4.2 Å. Further, the neighboring 2F-4spy ligands are aligned 
in a HT manner as shown in Scheme 4-2. Under these circumstances, there are 
three ways these C=C bonds can react. (i) The guest reacts with a neighboring 
host ligand in one of the 1D strands and in this process one host ligand will be 
unreacted as shown in Scheme 4-2. This would give rise to 66.7% of 
photoreactivity. (ii) The photoreaction occurs between the coordinated 2F-4spy 
ligands only, leaving the guest unreacted. This should also exhibit a maximum of 
66.7% photoreactivity. (iii) The guest first reacts with a coordinated ligand 
(66.7% photoreactivity). This triggers a few structural changes and brought the 
olefinic bonds of the 2F-4spy ligands closer together. In other words, [2+2] 
cycloaddition reaction occurs between host-guest, host-host pairs in a sequential 
manner and result in the quantitative conversion of C=C bond pairs to 
cyclobutane rings. If this is true, a two-step dimerization reaction is expected.  
To confirm the proposed reaction pathway, the course of the cycloaddition 
reaction of IV-4 under UV light was followed with time by integrating the 
disappearance of the signals due to the proton of the pyridyl group from 2F-4spy 
at 8.87 ppm and appearance of the same proton signal of the rctt-2F-ppcb ligand 
at 8.77 ppm in the 
1
H-NMR spectra. The irradiated sample was dissolved in D6-
DMSO solution along with a drop of HNO3 at specific intervals of time. The plots 
of percentage of cyclobutane ring versus time shows completion of the reaction in 
120 min of UV exposure with a plateau at 66% from 50 min to 100 min (Figure 4-
12). This two-step process strongly supports the third reaction pathway depicted 
in Scheme 4-2. Further, the solid obtained after the completion of 66% of the 




reaction was placed in dichloromethane. Then, the solution was vigorously stirred 
for ten minutes, before filtered. The clear solution of dichloromethane was then 
evaporated to find that no solid 2F-4spy could be extracted at this stage. On the 
other hand, it was possible to extract the guest 2F-4spy from the crystals of IV-4 
without destroying the coordination polymeric structure. Hence, it is concluded 
that the guest 2F-4spy was fully consumed in the first step of the dimerization 
process. This provided further evidence that the photo dimerization takes place 
between the host-guest 2F-4spy molecules first followed by host-host reactions 
between the polymeric strands as shown in Scheme 4-2. There are few [2+2] 
cycloadditon reactions that have been observed within the framework or between 





Scheme 4-2. Schematic diagram showing various possibilities of [2+2] cycloaddition reactions 
between 2F-4spy in compound IV-4. 





Figure 4-12. Solid state [2+2] photo conversion of 2F-4spy in IV-4 with time. 
Since this is not an SCSC reaction, an attempt was made to determine the 
structure of the product of the reaction of IV-4 (now called IV-5), it was 
dissolved in 2 ml DMF solution by the addition of a few drops of 1M HNO3. The 
solvothermal reaction of this solution at 90 ˚C for 2 days resulted in light yellow 
block shaped crystals. The structure determination by X-ray crystallography 
revealed the formation of a new compound, [Cd3(bdc)3(rctt-2F-
ppcb)2(DMF)2]DMF, (IV-6). The compound crystallized in the monoclinic space 
group C2/c with Z = 4, implying that the asymmetric unit has half the molecular 
formula. The 3D framework structure has a trinuclear node and it consists of three 
Cd
2+
 atoms aligned in a linear fashion and the coordination environment of the 
central Cd
2+
 atom is different from the other two as shown in Figure 4-13. The 
central Cd
2+
 is coordinated by six oxygen atoms from six different bdc ligands, 
while the terminal Cd
2+
 atoms are bonded to three bdc ligands, one DMF, and an 
rctt-2F-ppcb. The bdc linkers are oriented in such a way that [Cd3(bdc)3] nodes 
form (3,3) connected frame in bc-plane while rctt-2F-ppcb acts as a pillar 
connecting the adjacent layers along a-axis. The topological analysis of IV-6 




reveals a very rare non-interpenetrated bcg net with the short Schläfli symbol 
3
6414576 (Figure S4-12). In the resultant pillared-layer framework structure, the 
void is filled with guest DMF molecules. Due to the coordinated solvent 
molecules, this compound showed poor stability and the PXRD pattern also 






Figure 4-13. (a) Trinuclear Cd
2+
 node (b) 2D layered structure (c) 3D pillared layered structure 
with rctt-2F-ppcb in compound IV-6. 




4.2.4 Structural Description of [Cd(bdc)(2NO2-4spy)2(H2O)]DMF (IV-7) 
The use of nitro derivative, 2-nitro-4-styrylpyridine (2NO2-4spy) furnished 
light brown crystals of [Cd(bdc)(2NO2-4spy)2(H2O)]DMF (IV-7). The compound 
IV-7 crystallized in the orthorhombic space group Pbca with Z = 4 and the 
asymmetric unit consists of half of the structural formula. The coordination 
geometry of this compound is similar to that of IV-1 and IV-3 with Cd
2+
 in 
pentagonal bipyramidal geometry and the equatorial positions are chelated by the 
carboxylates of bdc linkers along with an aqua ligand while the axial positions are 
occupied by the nitrogen atoms of the 2NO2-4spy ligands. 
 
 
Figure 4-14. A view is showing the coordination sphere of Cd
2+
 and the relative orientations of the 
equatorial planes between the adjacent polymeric chains (top). Packing of IV-7 showing the 
relative orientations of the orientation of the 2NO2-4spy ligands between the adjacent 1D chains 
(bottom).  






 atoms are bridged by the bdc linkers to form a 1D polymeric chain 
along the b-axis through 2-fold crystallographic symmetry and the coordinated 
water molecule is forming H-bond to the next chain to form a H-bonded 2D CP 
along a-direction. Unlike IV-1 and IV-4, these 1D chains are bent to each other 
along the chain by an angle of 139
o
 (Figure 4-14), which could be due to the steric 
hindrance caused by the nitro substituent. The 2NO2-4spy axial ligands 
interdigitated and the olefinic groups are aligned in an HT fashion with distance 
of separation at 3.69 Å. Though this distance between the olefins is within the 
Schmidt’s topochemical criteria, the UV irradiation experiments proved that it is 
surprisingly photo-inert. Such unexpected photo-stability towards solid-state 
[2+2] cycloaddition reactions have been noted before which could be explained 
on the basis of Cohen’s ‘reaction cavity’ concept.[12] In the case of IV-7, it is 
suspected that the inertness could be due to either steric hindrance or the electron 
withdrawing ability of the nitro group to prevent the formation cyclobutane ring. 
The exact role of NO2 group is not understood in terms of photo inactivity.  
Table 4-1. The H bonding parameters for IV-1, IV-4 and IV-7. 
Compound D-HA d(D-H) Å d(HA) Å d(DA) Å <(DHA) ˚ 
IV-1 O3-H3AO2 0.81 1.97 2.73 156 












4.2.5 Structural Description of [Cd(bdc)(3NO2-4spy)2]0.25DMF2.125H2O 
(IV-8) 
Synthesis of similar framework as IV-1 has been performed by using 3-
nitro-4spy (3NO2-4spy) using similar synthetic procedure. This compound, 




[Cd(bdc)(3NO2-4spy)2] 0.25DMF2.125H2O (IV-8) also crystallized in triclinic 
system, P1
-
 space group. The asymmetric unit consists of one Cd
2+
 atom, one bdc, 
two 3-nitro-4spy ligands and some solvent molecules including DMF & water. 
The Cd
2+
 was present in 7-coordinate pentagonalbipyramid geometry and forms a 
dimer building block through μ2
12 bonding as shown in Figure 4-15. The five 
equatorial sites of Cd
2+
 were coordinated to the dicarboxylates with the 
coordination mode shown in Figure 4-15a, and the other two were coordinated to 
3NO2-4spy at the axial positions. The Cd
2+
 centers were bridged by the 
dicarboxylic acid to form 2D layer along the crystallographic ab-plane unlike IV-
1, IV-4 and IV-7. A pair of 3NO2-4spy ligands was nicely aligned above and 
below the Cd2O2 plane along the axial positions which causes interdigitation. 
Further the distance between the olefin bonds are within Schmidt’s topochemical 
criteria. The void spaces in the lattice were occupied by solvent molecules. The 
basic node of this CP was made of Cd2O2 unit.  
 
(a) 






Figure 4-15. (a) coordination mode of (μ2
12) carboxylate group to metal centers and Cd2O2 core with labels. 
The symmetry operator 2 - x, 1 - y, 1 – z has been applied and showed with extension A. (b) the alignment of 
olefinic bonds of IV-8.  
The olefin bonds of the 3NO2-4spy ligand pairs are in a HH manner aligned 
with a separation of 3.93 Å (Figure 4-15c). The distances were close enough for 
them to undergo photoreaction. Interestingly, there were two ways for the 
photoreaction can undergo: (a) between the framework (HT) which would give 
3D polymeric structure. (b) within the framework (HH) which would furnish a 2D 
CP. The 
1
H NMR spectra of this compound showed up to 60% photoreactivity of 
the compound. Unfortunately, the single crystal was losing its single crystallinity 
during the photoreaction. 
Since insolubility of IV-8 precludes the determination of the 
stereochemistry of the cyclobutane ligand by 
1
H-NMR spectroscopy in solution, 
attempts were made first to isolate the cyclobutane ligand from IV-8. Hence, the 
3NO2-4spy was extracted from the irradiated compound by the reported method 






 Then, this extracted dimer was dissolved in D6-
DMSO for recording the 
1
H NMR spectrum. The cyclobutane peaks, which 
appeared at around 4.77-4.88 ppm, had ‘doublet of triplet’ multiplicity, which 
indicated that the compound was undergoing photoreaction in HT fashion (Figure 
4-15).
[10]
 Therefore, the final product of this compound was a HT dimer which 
resulted from the formation of 3D coordination network after the photo 
transformation of IV-8. 
 
 
Figure 4-16. (a) 
1
H NMR spectrum of IV-8 at different UV irradiation periods.(b) The graph of 
photoreaction percentage versus time of compound IV-8. 
 
The percentage of the product formed from IV-8 with was plotted for this 
photoreaction as shown in Figure 4-16. Though, it was expected that this 
compound was able to be completely converted to dimer product, it was not 
observed experimentally. A possible explanation for this observation could be due 
to the movement of layers that occurred during the photoreaction. The movements 
between the layers during the photoreaction caused the adjacent olefinic bonds to 
drift further away from each other, thus impeded the reaction course. This was 
implicated by the tailing the reaction after 10 h. The olefinic bonds would keep 




moving further away as the reaction progressed, until the distance exceeded the 





H-NMR spectrum of the isolated ligand from IV-8 after UV showing the doublet of 
multiplet that indicated HT cycloaddition in compound IV-8. 
4.3 Summary 
In summary, in this chapter we have described the synthesis of three 
structurally similar 1D CPs, yet showing different photoreactivity depending on 
the nature of substitution on the styrylpyridine ligand. (i) Compound IV-1 showed 
solid state structural transformation upon the loss of solvent at relatively low 
temperature to a 2D CP network which was found to be photoreactive under UV 
light. Interestingly, [2+2] cycloaddition reaction occurs between the 4spy pairs 
from the adjacent layers as supported by the NOESY NMR which confirmed the 
formation of HT photo product. (ii) The 1D CP formed in IV-4 has a guest 2F-




4spy molecule. Quantitative cycloaddition reaction occurs between the host-guest, 
host-host and results in both HH and HT photo cycloaddition of 2F-4spy 
molecules. (iii) The recrystallized photoproduct of photo product, IV-5 resulted in 
the formation of a pillared-layer 3D architecture, IV-6 with [Cd3(bdc)3] core 
comprising. (iv) Crystallization using 2NO2-4spy resulted in the formation of 1D 
CP, IV-7. Although the 1D CP formed by 2NO2-4spy satisfies Schmidt’s criteria 
between the 2NO2-4spy pairs, it has been found to be photo stable which might be 
attributed to the steric hindrance of the nitro group. (v) The use of 3NO2-4spy 
ligand resulted in the formation of 2D-interdigitated layered structure with 
parallel alignment of olefin groups. Contrary to the expectation, the UV 
irradiation experiments yielded only 60% of the dimerized product, probably due 
to drifting of layers due to the formation of HT dimer in the first half of the 
reaction.  
4.4 Experimental details 
Compound IV-1. Light yellow blocks of single crystals were obtained by careful 
layering of (30.8 mg, 0.1 mmol) Cd(NO3)2·4H2O in EtOH, (36.2 mg, 0.02 mmol) 
4spy in MeOH above the (21.0 mg, 0.1 mmol) sodium salt of  1,4-
benzenedicarboxylic acid in water by using DMF as buffer (55.0 mg, 66 % yield). 
These crystals were washed with DMF and MeOH and dried at room temperature. 
The order of solvents as follows (bottom to top): water, DMF, MeOH and EtOH. 
The elemental analysis (%): Calculated for CdC34H26N2O4 (desolvated compound, 
2): C 63.91, H 4.10, N 4.38; found: C 63.12, H 4.09, N 4.29. 
1
H-NMR (D6-
DMSO.HNO3, 300 MHz, 298 K): δ 8.85 ppm (d, 4H, py-H), 8.22 ppm (d, 4H, py-




H), 8.02 ppm (s, 4H, bdc), and 7.50 – 7.95 ppm (m, 14H, other H’s). IR data: 
1606 (s), 1564 (s), 1498 (m), 1449 (m), 1379 (s), 1222 (m), 1012 (m), 963 (s), 810 
(s), 750 (s), 690 (s), 539 (s).  
Compound IV-3. UV irradiation of IV-1: About 20 mg of the powdered sample 
of IV-2 was packed between the pyrex glass slides and irradiated in UV light 
using LUZCHEM UV reactor. 
1
H-NMR (D6-DMSO.HNO3, 300 MHz, 298K): δ 
8.76 ppm (t, 4H, py-H), 8.02 ppm (s, 4H, bdc), 7-8 ppm (m, 14H, other aromatic 
protons rctt-ppcb), 4.9 - 5.2 ppm (d, 4H, cyclobutane). 
Compound IV-4. Light yellow block-like single crystals were obtained by 
similar synthetic procedure described for IV-1 but using 2F-4spy instead of 4spy 
(42.0 mg, 47 % yield). These crystals were washed with DMF and MeOH and 
dried at room temperature. The elemental analysis (%): Calculated for 
CdC47H36N3O5F3: C 63.27; H 4.07 N: 4.71; found: C 63.12, H 4.09, N 4.29; 
1
H-
NMR (D6-DMSO.HNO3, 300 MHz, 298 K): δ 8.87 ppm (d, 2H, py-H), 8.30 ppm 
(d, 2H, py-H), 8.02 ppm (s, 4H, bdc), and 7.30 – 7.97 ppm (m, 7H, ph-H). IR 
data: 1606 (s), 1559 (s), 1506 (m), 1381 (s), 1307 (w), 1223 (m), 1015 (m), 965 
(m), 838 (s), 811 (s), 754 (s), 690 (s), 541 (s). 
Compound IV-5. About 20 mg of the powdered sample of IV-4 was packed 
between the pyrex glass slides and irradiated in UV light using LUZCHEM UV 
reactor for 2 h. 
1
H NMR (D6-DMSO.HNO3, 300 MHz, 298K): δ 8.77 ppm (t, 4H, 
py-H, rctt-2F-ppcb), 7.98 ppm (s, 4H bdc), 7.0 – 8.0 ppm (m, 12H, aromatic 




protons, rctt-2F-ppcb). IR data: 1609 (s), 1559 (s), 1491 (s), 1384 (s), 1227 (m), 
1016 (m), 837 (s), 812 (s), 754 (s), 518 (s).  
Compound IV-6. Compound IV-5 was suspended in 2 ml DMF and 1 ml water 
and a drop of HNO3 was added to dissolve the compound and then sealed this 
solution in a 20 ml scintillation vial and heated in a programmable oven at 120˚C 
for 48 h and cooled to room temperature. Yellow platy crystals were obtained and 
washed with DMF and dried at room temperature (45 % yield). 
1
H NMR (D6-
DMSO.HNO3, 300 MHz, 298K): δ 8.78 ppm (d, 4H, py-H, rctt-2F-ppcb), 8.04 
ppm (s, 4H bdc), 7.98 ppm (d, 4H, py-H, rctt-2F-ppcb), 7.0 -7.6 ppm (m, 8H, 
aromatic protons, rctt-2F-ppcb).  
Compound IV-7. The synthetic procedure was similar to IV-1, but 2NO2-4spy 
was used instead of 4spy. Yellow rod-like crystals were obtained (41.9 mg, 51 % 
yield). The elemental analysis (%): Calculated for CdC37H33N5O10: C: 54.19; H: 
4.06; N: 8.54; found: C: 54.03; H: 3.43; N: 7.65.(I am going to submit the sample 
next week) 
1
H-NMR (D6-DMSO.HNO3, 300 MHz, 298 K): δ 8.90 ppm (d, 4H, 
py-H), 8.25 ppm (d, 4H, py-H), 8.03 ppm (s, 4H, bdc), and 7.5 – 8.2 ppm (m, 
12H, other H’s).  
Compound IV-8. The synthetic procedure was similar to IV-1, but 3NO2-4spy 
was used instead of 4spy. Yellow rod crystals were obtained (40.1 mg, 55 % 
yield). The elemental analysis (%): Calculated for CdC34H24N4O8 (desolvated 
compound): C: 56.02; H: 3.32; N: 7.69; found: C: 56.06; H:3.45; N: 7.77. 
1
H 




NMR (D6-DMSO/HNO3, 30 MHz, 298K): δ: 8.89 (d, 2H, py-H), 8.59 ppm (d, 
2H, py-H), 8.01 ppm (s, 4H, bdc), 7.4 – 8.3 ppm (m, 4H, ph-H). 
UV irradiation of IV-8: Powdered sample of this compound was packed between 
the pyrex slides and irradiated in LUZCHEM UV reactor for approximately 60 
hours to reach 60 % of conversion. 
1
H NMR (D6-DMSO/HNO3, 300 MHz, 
298K): δ: 9.02 ppm (d, 2H, py-H ci monomer), 8.93 ppm (d, 2H, py-H trans 
monomer), 8.77 ppm (d, 2-H, py-H dimer), 8.27 ppm (d, 2H, py-H trans 
monomer), 8.18 ppm (d, 2H, py-H cis monomer), 8.03 ppm (s, 4H, bdc), 7.99 
ppm (d, 2H, py-H dimer), 7.49-7.82 ppm (m, ph-H). 
Isolation of photo-product of 3NO2-4spy from IV-8: A mixture of 
Na2(H2edta)2H2O (255 mg, 0.685 mmol), NaOH (54.8 mg, 1.37 mmol), IV-8 
(100 mg, 0.137 mmol), H2O (30 mL) and DCM (30 mL) were stirred for 
overnight and the organic part was separated and concentrated to dryness in 
vacuum.  
Table 4-2. Crystallographic information of IV-1, IV-4, IV-6, IV-7 and IV-8. 
Cell data IV-1  IV-4  IV-6  IV-7  IV-8  
Sp. Grp. C2/c C2/c C2/c Pbca P1
-
  
a, Å 30.851(9) 29.311(3) 41.702(5) 11.7447(11) 10.1013(6) 
b, Å 6.0083(14) 5.9604(5) 9.8988(13) 21.5208(19) 13.8406(8) 
c, Å 21.833(5) 21.7006(19) 18.444(2) 28.109(3) 15.4684(9) 
, ° 90 90 90 90 69.5250(10) 
, ° 111.173(4) 94.511(2) 103.422(3) 90 75.8840(10) 
, ° 90 90 90 90 74.2840(10) 
V, Å
3 
3773.9(16) 3779.4(6) 7405.9(16) 7104.7(11) 1923.39(19) 
Z 4 4 4 4 2 
d, g.cm
-3 
1.477 1.568 1.364 1.533 1.353 
µ mm
-1
 0.640 0.648 0.920 0.681 0.626 
GOF 1.091 1.176 1.022 1.128 1.141 
R1 0.0380 0.0483 0.0862 0.0548 0.0541 
wR2 0.0952 0.1147 0.2212 0.0991 0.1623 
data I > 
2σ(I) 
3987 3854 3922 6328 7635 
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Supplementary Information  
 
Figure S4-1. A view of the packing of IV-1 viewed along the b-axis. 
 
Figure S4-2. Hydrogen-bonded interactions between DMF and water in the voids of IV-1.  





Figure S4-3. A view of the packing of IV-4 viewed along the b-axis. The disorder in guest 2F-
4spy molecule and the hydrogen atoms are not shown.  
 
Figure S4-4. A view of the 3D structure of IV-7 viewed along b-axis. The Hydrogen atoms are not 
shown for clarity. 





Figure S4-5. Comparison of PXRD data: (a) simulated from single crystal data of IV-4, (b) 
experimental pattern of IV-4, (c) experimental pattern of IV-5. 
 
Figure S4-6. Comparison of PXRD data: (a) simulated from single crystal data of IV-7, (b) 
experimental pattern of IV-7. 







H-NMR spectra of IV-3 in D6-DMSO with a drop of nitric acid. (The Ha and Hb 
peaks are broad as they are very close to the charged/protonated nitrogen atom). 
 
Figure S4-8. NOESY spectra of IV-3 in D6-DMSO (a very small drop of HNO3 has been added to 
dissolve IV-3). 







H-NMR spectrum of IV-7 in D6-DMSO. 
 
Figure S4-10. TGA and DTG of compound IV-1 after heating at 60˚C for 2 h. 
 
Figure S4-11. TGA and DTG of compound IV-7. 





    (a)                                                     (b) 
  
    (c)                                                     (d) 
Figure S4-12. Topological representations of 3 in different orientations. (a) viewed along a-axis 
(b) (3,3) connectivity. (c) and (d) side views showing the pillared layered structure. 
 






2D Interdigitated CPs are of great interest for the past several years for their 
dynamic behaviours and selective gas sorption properties. Moreover, these are the 
ideal candidates for the easy transformation to 3D MOFs using solid state [2+2] 
photo cycloaddition. In this chapter, we will describe design and syntheses of 
photoreactive 2D interdigitated CPs using linear dicarboxylates and Zn
2+
 with 
square-grid layered structure and mono-coordinated dangling ligands containing 
C=C bonds. This work is divided into two separate sections.  
 
  





Assembly of 3D Coordination Polymers from 
2D Sheets by [2+2] Cycloaddition Reactions  
 
Solid state [2+2] cycloaddition reaction is of great interest for the past few 
decades. In recent years, this reaction has been successfully carried out in CPs for 
making new CPs and MOFs which are not accessible otherwise in solution 
synthesis. In this chapter, we describe the design and syntheses of three 2D 
interdigitated Zn
2+
-CPs using three monotopic ligands containing C=C bonds. 
Among these, two CPs with 4spy and 2F-4spy ligands showed quantitative 
formation of cyclobutane rings, thus demonstrating a unique synthetic procedure 
to synthesize MOFs using this photochemical reaction. Interestingly, these 
compounds can also be synthesized by mechano-chemical grinding procedures 
using Zn(OAc)2. In contrast, Zn(NO3)2 did not yield the required product unlike in 
the solution route. In addition, the compounds with 4vpy, 2F-4spy and 4spy 
ligands created different building units in the CPs; 4vpy and 2F-4spy furnished 
paddlewheel unit, whereas 4spy yielded tetrahedral Zn
2+
 repeating unit. Further, 
the change in coordination geometry manifests in the photoluminescence 
properties which can be attributed to the difference in charge transfer and ligand 
centered fluorescent phenomenon. 
 
Medishetty, R., Tandiana, R., Koh, L. L. & Vittal, J. J. Assembly of 3D 
Coordination Polymers from 2D Sheets by [2+2] Cycloaddition Reaction. Chem. 
Eur. J., (2014) DOI: 10.1002/chem.201304246.  





In the past two decades there has been enormous interest in CPs and MOFs 
not only for the aesthetically pleasing structures but also for their potential 
applications.
[1]
 These multi-dimensional structures have easily been obtained by 
self-assembly process from their components during crystallization. Recently a 
synthetic strategy based on the substitution of bridging ligands in soluble MOFs 
has been shown as a new way of making MOFs.
[2]
 On the other hand, a two-step 
modular approach has been used to synthesize 3D architectures from the basic 
building blocks.
[3]
 Both these approaches involve solvent medium. Since 
crystallization is a kinetic phenomenon, the experimental conditions ultimately 
decide the outcome of synthesis in solution. Hence solid-state route may be 
advantageous for certain cases. Further, in many instances the multi-dimensional 
architectures obtained in the solid-state may not be accessed by the traditional 
solution method. In this regard, the ligand replacement and substitution reactions 
have been successfully demonstrated for pillar-like neutral bridging ligands by 
keeping the crystals in the solution containing the ligands to be replaced.
[4]
 There 
is yet another approach alternative to the self-assembly process of synthesizing 
CPs, which is the solid-state conversion of metal complexes and CPs to another 
dimensional CPs using external stimuli.
[5]
 Of these, transformation of layer 
structures to 3D pillared-layer CPs have been accomplished either by coordinating 
solvents
[6]
 or by linking the layers through C-C bond formation via [2+2] 
cycloaddition reactions.
[7]
   




The ligand 4-styryl pyridine (4spy) is a monodentate terminal ligand 
containing a C=C bond. In the layer structures formed by a paddlewheel building 
block and dicarboxylate spacer ligands, these 4spy ligands are expected to be 
projected normal to the polymeric layers. When these layers pack in the solid, the 
4spy ligands can be brought close together by ··· interactions, such that the 
C=C bond pairs can be aligned suitable for [2+2] cycloaddition reactions as 
depicted in Scheme 5.1.1. In this work we have investigated whether this type of 
structural transformation can be designed using simple dicarboxylate spacer 
ligand such as 1,4-benzenedicarboxylate anion and the use of other C=C bond 
containing pyridyl ligands such as 4-vinylpyridine (4vpy) and 2’-fluoro derivative 
of 4spy (2F-4spy). 
 
Scheme 5.1.1. A schematic diagram depicts the transformation of 2D interdigitated CP to 3D 
MOF.   
We found that 4vpy does not show solid state photoreactivity in the layer 
structure. On the contrary, both 4spy and 2F-4spy form the expected 
photoreactive interdigitated layer structure. Interestingly, 4spy ligand containing 




layer CP has different dinuclear building block from the layer structures formed 
by the 2F-4spy ligand. Of these, the 2D interdigitated CP formed by the 2F-4spy 
ligand undergoes single-crystal to single-crystal (SCSC) transformation to a 
doubly interpenetrated MOF with -Po topology through the solid state [2+2] 
cycloaddition cleanly as shown in Figure 5.1-8. Moreover, these precursor 
compounds can also be accessed by mechanochemical synthesis, but the use of 
appropriate Zn
2+
 salt is essential for successful synthesis. Besides, it has been 
found that the photoluminescence properties are also different between the layer 
structures containing two different building units.  
Solvothermal methods usually yielded 3D structures incorporating only 
dicarboxylates without the monodentate pyridyl ligands forming the expected 2D 
layered MOF.
[8]
 Therefore, slow diffusion/layering has been chosen as the 
suitable route to synthesize these 2D layers with the coordination of dangling 
monodentate pyridyl ligands.  
5.1.2 Results and discussion 
5.1.2.1 Structural description of [Zn2(bdc)2(4vpy)2] (V-1.1) 
Light yellow block-shaped single crystals of [Zn2(bdc)2(4vpy)2] (V-1.1) 
were obtained by slow diffusion of Zn(NO3)2 and 4vpy into the sodium salt of 
1,4-benzenedicarboxylic acid (Na2bdc) in water. Single crystal X-ray structure 
determination revealed that this compound crystallized in the triclinic P1
-
 space 
group and the asymmetric unit consists of half the formula unit, [Zn(bdc)(4vpy)]. 
Further a crystallographic inversion center is present in the well-known 




paddlewheel building block. These Zn
2+
 paddlewheel repeating units are bridged 
by four bdc spacer ligands resulted in the formation of a (4,4) square-grid 2D 
layered structure. The crystallographic inversion center also passes through the 
center of bdc ligand.  The apical positions of each square pyramidal Zn
2+
 center is 
occupied by a terminal 4vpy ligand. The benzene ring of one of the bdc ligands 
(C14 & C15) and the vinyl group of the 4vpy ligand are disordered having two 
different orientations. The square grids with dimensions 10.91 Å X 10.87 Å are 
distorted with angles 67.72˚ and 112.28˚ (Figure 5.1-1). The square voids are 
occupied by the dangling 4vpy ligands from the neighboring layers from above 
and below. As a result, these 4vpy ligands are disposed in a head-to-tail fashion. 
But the vinyl C=C bonds are facing the adjacent phenyl rings in the 4vpy pairs 
(Figure 5.1-1). The misalignment of olefinic C=C bonds could be due to smaller 
length of the 4vpy ligand without much support from any supramolecular 
interaction to align them in parallel. Therefore, 4vpy ligand was replaced with 
4spy to increase the length as well as to forge parallel alignment with π-π 
interactions between the aromatic rings. 





Figure 5.1- 1. (a) Packing of V-1.1 showing the relative disposition of the 4vpy ligands. (b) A 
view of the square grid showing the distortion. (c) A closer view of the 4vpy ligand pairs showing 
the relative arrangement of the olefin C=C bonds. The interlayers and hydrogen atoms are not 
shown for clarity.  
 
Figure 5.1- 2. Comparison of PXRD pattern. 





Figure 5.1- 3. 
1
H-NMR spectrum of V-1.1 in D6-DMSO (after the addition of a drop of HNO3). 
5.1.2.2 Structural description of [Zn2(bdc)2(2F-4spy)2]⋅MeOH (V-1.2) 
Yellow blocks were obtained by using 2-Fluoro-4-styrylpyridine (2F-4spy) 
instead of 4vpy by a synthetic procedure similar to V-1.1. Single crystal X-ray 
crystallography reveals the formation of [Zn2(bdc)2(2F-4spy)2]⋅MeOH (V-1.2) 
which is crystallized in monoclinic space group P21/c with similar 2D 
interdigitated structure. The asymmetric unit consists of one complete formula 
unit of V-1.2 with paddlewheel nodes that are bridged by bdc linkers resulted in 
the formation of 2D layers. The apical position of each square-pyramidal Zn
2+
 
atom is coordinated by the terminal 2F-4spy ligand. A disordered lattice methanol 
solvate is present in the available void space of V-1.2. The dimensions of the 
square grid 10.95 Å X 10.86 Å correspond to the b- and about half of c-axis 
lengths of the cell respectively, and angles are 98.2˚ and 81.8˚. The distorted 
square void has been occupied by 2F-4spy ligands from the neighboring (4,4) 
grids. Despite the head-to-tail orientation of 2F-4spy pairs similar to V-1.1, only 




one set of 2F-phenyl and pyridine groups showed π-π interaction with a distance 
of 3.64 Å between the centroids and there is no π-π interaction between the other 
2F-phenyl and pyridyl groups and the distance between the centroids of 2F-
phenyl and pyridine is 4.68 Å, so that the olefinic groups are oriented in crisscross 
manner (Figure 5.1-4). This would be due to the steric hindrance caused between 
fluorine atoms of 2F-4spy and the framework bdc as shown in Figure 5.1-4. 
Moreover, this steric hindrance is also responsible for the bending of bdc in the 
framework which could be observed along the c-axis (Figure 5.1-5b). 
 
Figure 5.1- 4. (a) The head to tail orientation of 2F-4spy inside the square-grid void of V-1.2. (b) 
The alignment of 2F-4spy. pairs along b-axis. The hydrogen atoms are not shown for clarity. 





Figure 5.1- 5. The packing of compound V-1.2 in different orientations (a and b) and the 
alignment of 2F-4spy from first layer to third layer (c). 
5.1.2.3 Photoreactivity of [Zn2(bdc)2(2F-4spy)2]⋅MeOH (V-1.2) 
Regardless of the misalignment of the 2F-4spy pairs, the distance between 
the centroids of these olefinic groups are within the Schmidt’s topochemical 




H-NMR spectrum of the single crystals of 
V-1.2 after UV irradiation showed the disappearance of olefinic protons, shift in 
one of the pyridyl protons from 8.87 ppm to 8.77 ppm and appearance of the 
cyclobutane proton at 5.10 ppm, which confirms the photo conversion of 2F-4spy 
to 1,3-bis(4-pyridyl)-2,4-bis(2-fluoro-phenyl)cyclobutane (rctt-2F-ppcb) in D6-




DMSO solvent with a drop of HNO3 to dissolve the compound. The course of the 
[2+2] cycloaddition reaction has been followed by 
1
H-NMR spectroscopy. The 
percentage conversion versus time plot shows single-step quantitative photo 
conversion in 150 min (Figure 5.1-6 and Figure 5.1-7). Encouraged by these 
results, SCSC experiment was performed at room temperature which showed the 
loss of single crystal nature. However, the single crystals were preserved at the 
end of the photoreaction when the crystals were cooled at -50˚C. Therefore, 
intensity data were collected on a suitable single crystal obtained at the end of the 
UV irradiation experiment at -50˚C (Figure 5.1-8). The details are discussed 
below. 
 
Figure 5.1- 6. 
1
H-NMR spectra of V-1.2 in D6-DMSO (after the addition of a drop of HNO3), 
subjected to UV irradiation at different intervals of time. 





Figure 5.1- 7. Time versus percentage conversion plots of ground powder of V-1.2 and V-1.4. 
 
Figure 5.1- 8. The transformation of 2D interdigitated MOF, V-1.2 to doubly interpenetrated 3D 
MOF, V-1.3. 





Figure 5.1- 9. Comparison of PXRD data: (a) simulated from single crystal data of V-1.2, (b) 
experimental pattern of V-1.2, (c) experimental pattern of V-1.3 (d) simulated from single crystal 
data of V-1.3. 
5.1.2.4 Structural description of [Zn2(bdc)2(rctt-2F-ppcb)] (V-1.3) 
The single crystal X-ray data confirmed the complete transformation of 2D 
interdigitated structure of V-1.2 into a doubly interpenetrated 3D structure, 
[Zn2(bdc)2(rctt-2F-ppcb)] (V-1.3) by the quantitative [2+2] cycloaddition reaction 
between the 2F-4spy ligand pairs aligned in a head-to-tail fashion after the pedal 
rotation of a 2F-4spy ligand. The lattice solvent has been lost during this 
transformation, which might have facilitated molecular movements.
[10]
 The 
resultant structure is interpenetrated with -Po topology, similar to our work 
(detailed description will be provided in the next section, Chapter 5.2). However, 
the degree of interpenetration is reduced from three to two, due to smaller spacer 
ligand bdc as opposed to 2,6-naphthalenedicarboxylate and subsequent decrease 
in the size of the square grids from 13.18 Å X 13.14 Å to 10.93 Å X 10.78 Å. 




This is unique synthetic procedure to synthesize 3D MOFs in retro synthetic 
manner.  
 
Figure 5.1- 10. A perspective view of a portion of V-1.3 is shown. Interpenetration and the 
hydrogen atoms were not shown for clarity. 
5.1.2.5 Structural description of [Zn2(bdc)2(4spy)2]0.5MeOH (V-1.4) 
Similar synthesis was carried out using 4-styrypyridine (4spy) to obtain an 
interdigitated photoreactive layer CP. The solid state structure of this compound, 
[Zn2(bdc)2(4spy)2]0.5MeOH (V-1.4) was confirmed by single crystal X-ray 
crystallography. The asymmetric unit consists of one complete formula unit. 
Unlike V-1.1 and V-1.2, both the Zn
2+
 atoms have tetrahedral coordination 
geometry with O3N core and are bridged by two carboxylate groups of bdc ligand 
forming an eight-membered ring, and third coordination site is occupied by an 
oxygen atom of bdc in a monodentate fashion and the fourth coordination site is 




completed by the nitrogen atom of a 4spy ligand (Figure 5.1-11). The two 
crystallographically independent 4spy ligands have been found to be disordered 
with occupancy ratios of 82:18 and 53:47 (as shown in Figure 5.1-12). One of the 
uncoordinated carboxylate oxygen atom was H-bonded to methanol in the voids 
(O-HO = 1.97 Å). The [Zn2(-bdc)(bdc)] forms a layer structure in ab plane. 
The dimensions of the (4,4) connected square grid, 12.43 Å X 10.12 Å are equal 
to the b- and a-axes of the unit cell respectively and the angles are 106.57˚ and 
73.43˚. The empty voids are occupied by the dangling 4spy ligands which are 
interdigitated from the adjacent layers similar to V-1.1 and V-1.2. Interestingly 
these 4spy ligands are aligned with another dangling terminal ligand from the 
third layer in a head-to-tail fashion driven by π-π interactions between the 
pyridine and phenyl groups similar to V-1.2. The distance between the centroids 
3.84 Å and 3.47 Å, indicates that the alignment of the olefinic groups is well 
within the Schmidt’s topochemical criteria for [2+2] cycloaddition reaction.  





Figure 5.1- 11. (a) The alignment of 4spy in V-1.4, (b) the square grid structure and (c) tetrahedral 
SBU. The interlayers and hydrogen atoms are not shown for clarity. 
 
Figure 5.1- 12. The disorders of 4spy ligand in the structure of V-1.4. 





Figure 5.1- 13. The packing of compound V-1.4 in different orientations (a and b) and the 
alignment of 4spy from first layer to third layer (c). 
5.1.2.6 Photoreactivity of [Zn2(bdc)2(4spy)2]0.5MeOH (V-1.4) 
Upon UV irradiation, quantitative conversion of head-to-tail 4spy pairs in 
V-1.4 to rctt-1,3-bis(4-pyridyl)-2,4-bis(phenyl) cyclobutane (ppcb) in 120 min 
was observed by monitoring the chemical shifts of the pyridyl proton from 8.85 
ppm to 8.71 ppm and appearance of cyclobutane proton at 5.10 ppm from the 
tertiary proton in the 
1
H-NMR spectroscopy. The percentage conversion versus 
time plots suggested a single-step reaction of V-1.4 (Figure 5.1-7 and Figure 5.1-
14). Unfortunately, the SCSC reactions are not successful. However, it may well 
be predicted that V-1.4 has been converted to doubly-interpenetrated structure 
with -Po topology similar to V-1.3 based on the packing of V-1.4 which is 




similar to V-1.2 (aligned interpenetrated nets were shown in different color in 
Figure 5.1-13). 
 
Figure 5.1- 14. 
1
H-NMR spectra of V-1.4 in D6-DMSO (after the addition of a drop of HNO3), 
subjected to UV irradiation at different intervals of time. 
Interestingly V-1.2 and V-1.4 can also be synthesized by the solvent 
assisted mechanochemical grinding of Zn(OAc)2 with 2F-4spy or 4spy and H2bdc 
in stoichiometric ratios with 50 µL DMF. However, the reaction of Zn(NO3)2 with 
2F-4spy or 4spy and bdc resulted in the formation of an unknown phase, as 
indicated by the PXRD patterns. The use of appropriate Zn
2+
 salt is therefore 
necessary to obtain the desired product using mechanochemical synthesis unlike 
solution synthesis in which Zn(NO3)2 was used (Figure 5.1-16).
[11]
  The influence 
of anion is very pronounced in the solid state synthesis. 





Figure 5.1- 15. Comparison of PXRD data: (a) simulated from single crystal data of V-1.2, (b) 
mechanochemical grinding with Zn(OAc)2, (c) mechanochemical grinding with Zn(NO3)2 for the 
synthesis of V-1.2 with H2bdc and 2F-4spy in 1:1:1 molar ratio. 
 
Figure 5.1- 16. Comparison of PXRD data: (a) simulated from single crystal data of V-1.4, (b) 
mechanochemical grinding with Zn(OAc)2, (c) mechanochemical grinding with Zn(NO3)2 for the 
synthesis of V-1.4 with H2bdc and 4spy in 1:1:1 molar ratio.  
5.1.2.7 Photoluminescence studies 
The photoluminescence (PL) properties of these compounds have been 
investigated at room temperature by using the excitation wavelength at 310 nm to 
observe the variation of luminescence properties as we disrupt the delocalization 




of π-electron cloud during the cycloaddition along with the role of coordination 
geometry of Zn
2+
 atoms. The free ligand 2F-4spy ligand shows a PL peak at 462 
nm, while light blue emission has been observed for V-1.2 at max = 417 nm with 
increased in PL intensity. The hypsochromic shift may be due to the rigidity of 
aromatic backbone in a framework, which would be from the ligand centered 
emission.
[12]
 As expected, the disruption of the delocalization of the π–electron 
cloud after the cyclobutane ring formation in V-1.3 caused blue shift and three 
peaks at 382, 363 and 346 nm were observed (Figure 5.1-17). This disruption of 
delocalization of π-electrons has also been observed in the UV absorption spectra 
by the hypsochromic shift in the broad absorption peak from 350 nm to a broad 
hump at max 254 nm along with a small shoulder at ~ 318 nm (Figure 5.1-18). In 
contrast to V-1.2, the PL data of V-1.4 showed red shift in the PL peak at 451 nm 
as compared to the free ligand, 4spy showing four peaks 362 (shoulder), 382, 399 
and 418 nm (broad shoulder). This has been attributed to the LMCT from 4spy to 
Zn
2+
 ligand. After the quantitative formation of the cyclobutane ring, the 
photoproduct has decreased PL intensity along with slight blue shift of the PL 
peak to 442 nm in addition to a broad hump at 383 nm (Figure 5.1-19). So it is 
apparent that the tetrahedral Zn
2+
 in V-1.4 shows a significant LMCT behavior as 
compared to that of the square-pyramidal Zn
2+
 in the paddlewheel units.
[12a, 13]
 
Similarly V-1.1 also showed blue emission at max = 430 nm (Figure S5.1-8). As 
4vpy is a liquid, the PL of the free ligand has been measured in methanol. 





Figure 5.1- 17. Photoluminescence spectra of 2F-4spy, V-1.2 and V-1.3 in solid state (ex = 310 
nm). 
 
Figure 5.1- 18. UV-Vis absorption spectra of V-1.1 to V-1.5 in solid state. 





Figure 5.1- 19. Photoluminescence spectra of 4spy, V-1.4 and V-1.5 in solid state (ex = 310 nm).  
5.1.3 Summary 
In summary, three interdigitated 2D CPs with (4,4) square-grid structure 
have been synthesized. The node for V-1.1 and V-1.2 is based on paddlewheel 
structure, while V-1.4 has different repeating building block unit but with the 
same formula [Zn2(bdc)4/2]. The dangling C=C bonds containing terminal pyridyl 
ligand from the neighboring layers occupy the large voids in the square-grids in a 
head-to-tail manner. Misalignment of the C=C bonds observed in 4vpy ligand 
pairs made V-1.1 to be photostable. On the contrary, the C=C bonds in 2F-4spy 
and 4spy ligands were found to align in crisscross and parallel orientations 
respectively in V-1.2 and V-1.4. Quantitative photoreaction of the C=C bonds 
was observed in both cases as monitored by 
1
H-NMR spectroscopy. However, 
only V-1.2 underwent quantitative cycloaddition reaction at -50˚C in an SCSC 




manner and the 2D interdigitated structure, V-1.2 was transformed into a doubly 
interpenetrated 3D MOF, V-1.3 in this process. Compound V-1.4 was also 
expected furnish a doubly interpenetrated structure. It is clear that [2+2] 
cycloaddition reaction has become one of the indispensible tools in crystal 
engineering in making the desired structural architectures of CPs. Here the 
formation of the cyclobutane rings from the olefin bonds have been elegantly 
exploited to make two 3-dimensional pillared-layer structures from layer 
compounds in the solid state, which may not be accessible otherwise from the 
traditional self-assembly process from solution. All these compounds show 
interesting PL behavior. The PL behavior of V-1.2 was found to be different 
probably due to square-pyramidal coordination geometry at Zn
2+
, where V-1.2 has 
paddlewheel SBU showed ligand centered emission and upon photoreaction 
which has been blue shifted. In contrast, the tetrahedral system in V-1.4 showed 
the emission from LMCT and after the quantitative photo cycloaddition showed 
decrease in the intensity of the emission. Furthermore, compounds V-1.2 and V-
1.4 can be synthesized from  mechanochemical reactions with Zn(OAc)2 in 
contrast to the solution state synthesis with Zn(NO3)2, which suggested the 
important role of the counter anion in the solid state synthesis of these 
compounds.  
5.1.4 Experimental details 
All the UV irradiation experiments were conducted in a LUZCHEM UV 
reactor except the SCSC experiment which was performed using MAX-150 with 
Xe-source. In case of crystalline powders, the ground single crystals were packed 




in between the Pyrex glass sides placed in the UV reactor. These glass slides were 
flipped back at regular intervals of time to maintain the uniform exposure of UV 
radiation. 
Synthesis of compound V-1.1: This compound was synthesized by careful 
layering of Zn(NO3)2.6H2O (30 mg, 0.1 mmol) in ethanol (3 ml) above the 
sodium salt of 1,4-benzenedicarboxylic acid (21 mg, 0.1 mmol) in water (3 ml) 
followed by DMF (3ml) and 4-vinylpyridine (11 µl, 0.1 mmol) in methanol (3 
ml). Light yellow block shaped single crystals of [Zn(bdc)(4vpy)] were formed 
within few days (22.7 mg, 68 %) and washed with DMF and methanol. 
1
H-NMR 
(D6-DMSO.HNO3, 300 MHz, 298 K): δ = 8.88 (d, 2H, pyridyl proton of 4vpy), 
8.17 (d, 2H, pyridyl protons of 4vpy), 8.03 (s, 4H, bdc), 7.02 (double doublet, 
vinyl proton of 4vpy), 6.58 (d, 1H, vinyl proton), 5.98 (d, 1H, vinyl proton of 4-
vpy). Elemental analysis (%) Calcd for C15H11NO4Zn (334.66): C, 53.83; H, 3.31; 
N, 4.19. Found: C, 53.49; H, 3.41; N, 4.16. IR (KBr pellet, cm
-1
) 1643, 1431, 
1392, 1226, 1027, 841, 822 and 747. 
Synthesis of compound V-1.2: This compound was synthesized from similar 
synthetic procedures except using 2F-4spy instead of 4vpy and light yellow 
blocks were formed within few days (26.5mg, 60%). These crystals were washed 
with DMF and methanol and dried at room temperature.
 1
H-NMR (D6-
DMSO.HNO3, 300 MHz, 298 K): δ = 8.87 (d, 2H, pyridyl proton of 2F-4spy), 
8.30 (d, 2H, pyridyl protons of 2F-4spy), 7.4 – 8.0 (m, 6H of 2F-4spy), 8.00 (s, 
4H, bdc). Elemental analysis (%) Calcd for C43H32N2F2O9Zn2 (886.07): C, 58.06; 




H, 3.63; N, 3.15. Found: C, 58.06; H, 3.47; N, 3.27. IR (KBr pellet, cm
-1
) 1643, 
1616, 1503, 1388, 1227, 1033, 961, 823, 745 and 551.  
Synthesis of compound V-1.3: This compound was obtained by the UV 
irradiation of compound 2. 
1
H-NMR (D6-DMSO.HNO3, 300 MHz, 298 K): δ = 
8.77 (d, 4H, pyridyl proton of rctt-2F-ppcb), 8.00 (d, 4H, pyridyl protons from 
rctt-2F-ppcb), 6.9 – 7.5 (m, 8H of rctt-2F-ppcb), 8.00 (s, 8H, bdc), 5.10 (double 
triplet, 4H, cyclobutane protons). IR (KBr pellet, cm
-1
) 1641, 1718, 1503, 1433, 
1387, 1226, 1035, 822, 744 and 542.  
Synthesis of compound V-1.4: This compound was synthesized by similar 
synthetic procedure as V-1.1 except the use of 4spy instead of 4vpy in methanol. 
Light yellow crystals were formed within few days and washed with DMF and 
methanol and dried at room temperature (23mg, 55%). 
1
H-NMR (D6-
DMSO.HNO3, 300 MHz, 298 K): δ = 8.85 (d, 2H, pyridyl proton of 4-spy), 8.22 
(d, 2H, pyridyl protons from 4-spy), 7.1- 7.9 (m, 7H of 4-spy), 8.03 (s, 4H, bdc). 
Elemental analysis (%) Calcd for C42.5H32N2O8.5Zn2 (834.04): C, 60.95; H, 3.85; 
N, 3.34. Found: C, 61.00; H, 3.60; N, 3.50. IR (KBr pellet, cm
-1
) 1689, 1616, 
1587, 1500, 1388, 1348, 1294, 1034, 828, 749, 690 and 542.  
Synthesis of compound V-1.5: UV irradiation of V-1.4 for 2h. 
1
H-NMR (D6-
DMSO.HNO3, 300 MHz, 298 K): δ = 8.71 (d, 4H, pyridyl proton of rctt-ppcb), 
7.89 (d, 4H, pyridyl protons from rctt-ppcb), 7.0 – 7.3 (m, 10H of rctt-ppcb), 8.00 
(s, 8H, bdc), 5.10 (double triplet, 4H, cyclobutane protons). IR (KBr pellet, cm
-1
) 
1639, 1503, 1434, 1392, 1226, 1033, 822, 746, 691 and 542.  





All mechanochemical reactions has been performed by taking the 
dicarboxylic acid, 2F-4spy/ 4spy and metal salt (Zn(NO3)2 or Zn(OAc)2) in 1:1:1 
molar ratio and ground for 20 min on average using pestle and mortar with 50 µl 
of DMF. After grinding these compounds for few minutes showed the formation 
of light yellow powdery crystalline compound. These solids were characterized 
by the powder X-ray diffraction techniques (see supplementary materials). 
Table 5-1. Crystallographic information of V-1.1, V-1.2, V-1.3 and V-1.4. 
Cell data V-1.1 V-1.2 V-1.3 V-1.4 
Sp. Grp. P1
-
  P21/c P21/c P1
-
  
a, Å 8.1187(10) 17.9633(11) 17.395(14) 10.115(3) 
b, Å 9.6774(12) 10.9455(7) 10.934(9) 12.434(3) 
c, Å 10.2786(13) 21.5072(14) 21.179(16) 16.051(4) 
, ° 113.785(2) 90.00 90.00 106.604(5) 
, ° 91.730(2) 114.598(2) 111.922(11) 90.038(5) 
, ° 105.259(2) 90.00 90.00 106.573(5) 
V, Å
3 
704.37(15) 3844.9(4) 3737(5) 1846.7(8) 
Z 2 4 4 2 
d, g.cm
-3 
1.578 1.537 1.524 1.506 
µ mm
-1
 1.757 1.318 1.524 1.359 
GOF 1.090 1.014 1.133 1.074 
R1 0.0277 0.0487 0.1572 0.0390 
wR2 0.0757 0.1133 0.3836 0.1018 
data I > 
2(I) 
3095 6477 2702 7222 
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Supplementary Information  
 
Figure S5.1- 1. The packing of compound V-1.1 in different orientations (a and b) and the 
alignment of 4vpy from first layer to third layer (c) 
 
Figure S5.1- 2. Comparison of PXRD data of V-1.4. 





Figure S5.1- 3. TGA and DTG of compound V-1.1. 
 
Figure S5.1- 4. TGA and DTG of compound V-1.2. 
 
Figure S5.1- 5. TGA and DTG of compound V-1.3. 





Figure S5.1- 6. TGA and DTG of compound V-1.4. 
 
Figure S5.1- 7. TGA and DTG of compound V-1.5. 
 
Figure S5.1- 8. Photoluminescence spectra of V-1.1 in solid state, 4vpy in methanol (ex = 310 
nm). The peak 345 in 4vpy emission is from scattering.  





Solid-State Structural Transformations 
from 2D Interdigitated Layers to 3D 
Interpenetrated Structures 
 
 This section describes the synthesis of similar two 2D interdigitated CPs 
using longer carboxylate spacer ligands, such as 4-carboxycinnamate (cca) and 
2,6-naphthalenedicarboxylate (ndc) as the linkers. Among these two compounds, 
2D CP with cca showed SCSC transformation to triply interpenetrated 3D MOF 
compared to bdc as described earlier section. Fascinatingly, the disorder present 
in cca showed the isostructural nature with ndc. This isostructural nature has been 
taken as advantage to confirm the final structure of photo product of 2D CP with 
ndc. 
 
Medishetty, R., Koh, L. L., Kole, G. K. & Vittal, J. J. Solid-State Structural 
Transformations from 2D Interdigitated Layers to 3D Interpenetrated Structures. 
Angew. Chem. Int. Ed. 50, 10949-10952 (2011). 
  





During the past two decades synthesis of CPs and MOFs has attracted ever 
increasing scientific interest.
[1]
 Much interest in this area is to understand how to 
control or fine tune the physical properties and reactivity of CPs and MOFs.
[2]
 Of 
these, interdigitation of two-dimensional (2D) CPs have been found to exhibit 
dynamic behavior, gate opening properties, provide platform for various surface 
conversions and selective guest trapping.
[3]
 In addition to the expansion/shrinkage 
of the 2D layered structures by the guest molecules, the transformation between 
the 2D and 3D frameworks is expected to lead to large differences in their 
structural and functional behaviors.
[4]
 Such solid-state transformations can be 
achieved by heat, light, guest removal or uptake.
[2f]
  
Over the past few years, many successful attempts have been made to align 
the photoactive double bonds in CPs.
[5]
 So far symmetrical ditopic spacer ligands 
containing photoreactive double bonds like 1,2-bis(4'-pyridyl)ethylene (bpe) have 
been commonly used for solid state photodimerization reactions.
[6]
 The use of 
exodentate ligands like bpe as photoreactive pillars in the pillared-layered 3D CPs 
has been explored before.
[6]
 In order to make such pillars in the layered 2D 
coordination polymeric structure, 4-styrylpyridine (4spy) with a C=C bond would 
an ideal terminal ligand.
[7]
  
In our earlier section, we successfully showed the synthesis and 
transformation of 2D interdigitated CP into 3D MOF using bdc (1,4-
benzenedicarboxylate) with 4spy and 2F-4spy as monodentate ligand. In this 




work, we present the syntheses of two photoreactive interdigitated layered CPs 
made from paddlewheel SBU using 4-carboxycinnamic acid (H2cca) and 2,6-
naphthalenedicarboxylic acid (H2ndc). The 4spy in both the compounds 
undergoes photo cycloaddition reaction under UV light. The structural 
transformation of one of these compounds is accompanied by single-crystal-to-
single-crystal (SCSC) manner which helps to confirm the formation 3-fold 
interpenetrated 3D structure. 
 
Scheme 5.2-1. Schematic diagram shows the structural transformation of a 2D interdigitated layer 
into a 3D MOF. 
5.2.2 Results and discussion 
5.2.2.1 Crystal structure of [Zn2(cca)2(4spy)2] (V-2.1) 
Light yellow block-shaped crystals of [Zn2(cca)2(4spy)2] (V-2.1) were 
grown by the slow diffusion of 4spy into the sodium salt of H2cca and 
Zn(NO3)2·6H2O in a mixture of MeOH, DMF and water. Single crystal X-ray 
structure determination at 100 K revealed that V-2.1 is a 2D CP. The asymmetric 
unit contains half the formula unit. The building block [Zn2(cca)2(4spy)2] has the 
well-known [Cu2(O2CCH3)4(H2O)2] paddlewheel structure, where two Zn
2+
 atoms 
are bridged by four cca ligands. In each Zn
2+
 atom, the equatorial positions are 




coordinated by oxygen atoms of cca ligands and axial position is occupied by the 
N atom of 4spy to provide a distorted square-pyramidal geometry. A 
crystallographic inversion center is present in the middle of the paddlewheel 
structure. It may be noted that the styryl group of 4spy ligand is disordered with 
occupancy ratio of ca 65 to 35. The styrene fragment of the cca ligand is also 
disordered with the ethylene and benzene groups flip over by the crystallographic 
inversion symmetry as shown in Figure 5.2-1. 
 
Figure 5.2-1. Disorder present in cca ligand shows the isostructurality between cca and ndc 
ligands. 
As mentioned in the earlier section, longer dicarboxylate (cca) compared to 
the bdc leads in the framework with (4,4) square unit with dimensions 13.27 & 
13.15 Å and angles, 96.4 & 83.6. Such a large cavity is amenable to 
interpenetration,
[8]
 but in V-2.1 this is obviously hindered by the long 4spy 
ligands present at the nodes of the square grid structure. This has resulted in 
interdigitation of 4spy ligands to maximize the usage of the empty space (Figure 
5.2-2). 





Figure 5.2-2. A perspective view shows different levels of interdigitation with respect to a single 
square grid in V-2.1. The cca ligand looks like nda ligand due to disorder. Only selected atoms are 
shown for clarity. The 4spy groups with same darkness are related by crystallographic center of 
inversion. 
There are two different levels of interdigitation by the 4spy ligands from the 
adjacent layers. In the first level, the centers of the pyridyl groups of two 4spy 
ligands from the immediate layers (one above and one below relative to the first 
layer concerned) roughly occupy the diagonal of each square plane. The non-
bonded distance between the centers of pyridyl rings is 8.38 Å (Figure 5.2-2). 
On the other hand, the centers of the phenyl rings of the two 4spy ligands 
from the third layers occupy the other corners inside each square plane. The 4spy 
ligands of the fourth layers (one above and one below) exactly aligned parallel to 
the 4spy ligand in the top and bottom of the square grids respectively (Figure 5.2-
3). Further the C=C bonds in these 4spy ligands pairs are aligned parallel with a 
distance of 3.85 Å. The shortest distance between the centroids of pyridine and 




benzene rings is 3.58 Å of the aligned 4spy ligands. Due to close proximity these 
4spy ligands have close contacts (π-π) with other aromatic rings in the adjacent 
layers. 
5.2.2.2 Photoreactivity of [Zn2(cca)2(4spy)2] (V-2.1) 
The alignment of the olefinic bonds between the pairs of 4spy ligands in the 
first and fourth layers in a head to tail fashion is of interest. Since this follows 
Schmidt’s topochemical criteria (< 4.2 Å) for [2+2] photochemical cycloaddition 
reaction in the solid state.
[9]
 This provides an opportunity to conduct the structural 
transformation of an interdigitated 2D layers to 3D interpenetrated structures. The 
powder X-ray diffraction pattern (PXRD) pattern of the bulk sample matches well 
with the simulated PXRD pattern from the single crystal data of V-2.1 and thus 
confirms the purity of the bulk. 
 
Figure 5.2-3. The alignment of 4spy ligands between the first and fourth layers in the packing of 
V-2.1 is shown. Only selected atoms are shown for the clarity. 





Figure 5.2-4. Triple interpenetration of V-2.2. 
The single crystals of V-2.1 have been subjected to UV irradiation at room 
temperature by Xenon source for 90 min. The 
1
H-NMR spectrum of the irradiated 
compound shows the disappearance of olefinic proton and the shift of the pyridyl 
protons from 8.85 to 8.75 ppm and formation of cyclobutane protons at 5.0 ppm 
confirms 100% conversion of 4spy ligand to regio-cis, trans, trans-1,3-bis(4-
pyridyl)-2,4-bis(phenyl)cyclobutane (rctt-ppcb). It may be noted that the 
1
H-NMR 
spectra were recorded in D6-DMSO solution after dissolving these compounds 
with a drop of HNO3 due to their poor solubility (Figure 5.2-5). The single 
crystals were left intact even after 100% dimerization which encouraged us to 
study the SCSC transformation.  







H NMR spectra of compounds V-2.1, V-2.2, V-2.3, & V-2.4 in D6-DMSO. The 
compounds are insoluble in DMSO, hence a small drop of HNO3 was added to dissolve the 
crystals. The humps around 5 ppm, are due to protonated water/HNO3.  
The single crystal X-ray structure determination of the irradiated product 
[Zn2(cca)2(rctt-ppcb)] (V-2.2) reveals the formation of triply interpenetrated 3D 
pillared-layered CP with a primitive cubic topology (pcu nets or -Po structure) 
(Fig. S4).
[1a]
 Each cube in the interpenetrating network is crystallographically 
distinct and only related by translation symmetry along a-axis. Overall, the cell 
volume has decreased by 35.09 Å
3
 (3.6%) due to efficient packing. The formation 
of cyclobutane ring restricts the dangling movement of benzene ring and hence 
removes the disorder in this part of the structure. However, the disorder in the cca 
ligand remains due to crystallographic inversion symmetry. 





Figure 5.2-6. A portion of the pcu connectivity in V-2.2 is shown. Only relevant atoms are shown 
for clarity. Interpenetration is not shown. 
The disorder in cca ligand due to crystallographic inversion symmetry 
shown in Figure 5.2-1 resembles that of 2,6-naphthalene-dicarboxyic acid 
(H2ndc). Replacing cca with ndc ligand is therefore expected to furnish a structure 
isostructural to V-2.1 and also to behave similar to V-2.1 in its photoreactivity. 
5.2.2.3 Crystal structure and photoreactivity of [Zn2(ndc)2(4spy)2] (V-2.3) 
The compound [Zn2(ndc)2(4spy)2] (V-2.3) was synthesized as light yellow 
block-shaped crystals by a procedure similar to V-2.1. The X-ray crystallographic 
analysis reveals that V-2.3 is isomorphous and isostructural to V-2.1, except for 
the additional atoms in the ndc ligand. A search in the literature reveals that such 
hitherto unknown isostructurality between these two ligands is also present in the 
3D structures.
[10]
 This compound is also found to be photoreactive when the bulk 
was irradiated under UV light. The 
1
H-NMR spectrum of the irradiated sample 
shows the 100% dimerization of 4spy as observed for V-2.2 (Figure 5.2-5). 




Unfortunately, the single crystals of V-2.3 started breaking during UV 
experiment. However, the PXRD pattern of 4 was matched well with that of V-2.2 
confirming that [Zn2(ndc)2(rctt-ppcb)] (4) has the structure similar to V-2.2 
(Figure 5.2-7).  
 
Figure 5.2-7. Powder X-ray diffraction patterns of simulated V-2.2 (olive), as-synthesized V-2.2 
(orange) and as-synthesized V-2.4 (Pink), which suggests the isostructural nature of cca and ndc 
after dimerization. 
5.2.3 Summary 
The salient features of this work are summarized below. (a) Similar to our 
earlier section, the present work also demonstrates the photo-induced solid-state 
transformation of a 2D interdigitated CP to a 3D interpenetrated structure. 
Interestingly the cca system was accompanied by SCSC manner. (b) This 
describes the utility of a photoreactive terminal ligand to perform structural 
transformation in a higher dimensional network structure. (c) The isostructural 
similarity is well documented in the literature for a few cases like benzene-
thiophene, toluene-chlorobenzene and 1,4-dichlorobenzene-1,4-
dibromobenzene.
[11]
 However, the isostructural behavior between cca and ndc 
ligands in the CPs does not seem to be realized before. This property is expected 




to dominate in organic crystals of H2cca and H2ndc and their derivatives and such 
an investigation is currently under investigation in our laboratory; (d) The 3D CPs 
(or MOFs) are always prepared by self-assembly. Recently Li and Zhou 
reported
[12]
 a synthetic strategy based on the substitution of bridging ligands in 
soluble MOFs. Here also we report a retrosynthetic approach
[13]
 to synthesize a 
3D CP from 2D structure in the solid-state similar to our earlier section. The 
pillared-layered 3D CPs V-2.2 and V-2.4 can be dissected into V-2.1 and V-2.3 
and assembled in the solid state by photochemical method. (e) The sterically 
hindered cyclobutane molecule, rctt-ppcb has been known since 1977.
[14]
 To our 
surprise this potential spacer ligand has not been exploited for making 
multidimensional CPs. Here we have used this pillar ligand to synthesize 3D CPs. 
5.2.4 Experimental details 
Synthesis of compound V-2.1: Compound V-2.1 was synthesized by careful 
layering of (30 mg, 0.1 mmol) Zn(NO3)2·6H2O in EtOH above the sodium salt of 
(19.2 mg, 0.1 mmol) 4-carboxycinnamic acid in water followed by DMF and (24 
mg, 0.133 mmol) 4-styrylpyridine in MeOH. Light yellow block shaped crystals 
of [Zn2(cca)2(4spy)2] were formed within a week (31 mg, 72% yield) and washed 
with DMF and MeOH. 
1
H-NMR (D6-DMSO.HNO3, 300 MHz, 298 K): δ = 8.8 (d, 
2H, pyridyl proton of 4spy), 8.2 (d, 2H, ethylene protons of 4spy), 7.4-8 (m, 7H 
of 4spy), 8.1(d, 2H, cca), 7.8(d, 2H, cca), 7.6(d, 1H, ethylene proton of cca), 6.6 
(d, 1H, ethylene proton of cca). Elemental analysis of 1 (ZnC23H17NO4) 
calculated: C, 63.25; H, 3.92; N, 3.21; Found: C,63.26; H,3.69; N,3.30. 




Conversion of (V-2.1) to (V-2.2): Light yellow block single crystals of 
[Zn2(cca)2(rctt-ppcb)] (V-2.2) were obtained by UV irradiation of single crystals 
(1) for 90 min. 
1
H-NMR (D6-DMSO.HNO3, 300 MHz, 298 K): δ = 8.7 (d, 4H, 
rctt-ppcb), 5.0 (dd, 4H, rctt-ppcb),7.4-7.0 (m, aromatic-10H, pyridine-4H of 4-
spy), 8.1 (d, 2H, cca), 7.8 (d, 2H, cca), 7.6(d, 1H, ethylene proton of cca), 6.6 (d, 
1H, ethylene proton of cca). Elemental analysis of 2 (ZnC23H17NO4) calculated: 
C, 63.25; H, 3.92; N, 3.21; Found: C, 63.67; H, 4.04; N, 3.37. 
Synthesis of compound V-2.3: Compound V-2.3 was synthesized in a similar 
way as V-2.1 but by using K2ndc instead of Na2cca in water. Light yellow blocks 
of [Zn2(ndc)2(4spy)2], V-2.3 were formed within few days (60% yield). 
1
H-NMR 
(D6-DMSO.HNO3, 300 MHz, 298K): δ = 8.8 (d, 2H, 4spy), 8.2 (d, 2H, ethylene 
protons of 4spy), 7.4-8 (m, 7H of 4-spy), 8.6 (s, 2H, ndc), 8.2 (d, 2H, ndc), 8.0 
(d,2H, ndc). Elemental analysis of V-2.3 (ZnC25H17NO4) calculated: C, 65.16; H, 
3.72; N, 3.04; Found: C, 65.58; H, 3.92; N, 3.20. 
Conversion of (V-2.3) to (V-2.4): After UV irradiation of block crystals of V-2.3 
for 90 min, [Zn2(ndc)2(rctt-ppcb)] (V-2.4) were obtained. During irradiation the 
crystals are losing their single crystallinity. 
1
H-NMR (D6-DMSO.HNO3, 300 
MHz, 298 K): δ = 8.7 (d, 4H, rctt-ppcb), 7.9 (d 4H, rctt-ppcb) 5.0 (dd, 4H, rctt-
ppcb), 7.3- 7.1 (m, Ar-5H of rctt-ppcb), 8.6 (s, 2H, ndc), 8.2 (d,2H, ndc), 8.0 
(d,2H, ndc). Elemental analysis of 4 (ZnC25H17NO4) calculated: C, 65.16; H, 3.72; 
N, 3.04; Found: C, 65.24; H, 4.05; N, 3.10. 
 
 




Table 5.2-1. Crystallographic information of V-2.1, V-2.2 and V-2.3.  
 V-2.1 V-2.2 V-2.3 
Molecular 
formula 








a Å 8.3804(9) 7.850(5) 8.0958(5) 
b Å 9.778(1) 10.145 (6) 10.2640(6) 
c Å 12.605(1) 13.085(8) 13.0584(7) 
α 76.871(3) 69.954(13) 75.260(1) 
β 75.498(2) 73.608(12) 72.838(1) 
γ 87.538 (3) 86.185(13) 89.416(1) 
V Å
3
 973.7(2) 938.6(10) 1000.2(1) 
Z 2 2 2 
ρcalcd  g.cm
-3
 1.490 1.545 1.530 
µ mm
-1
 1.291 1.339 1.261 
GOF 1.175 1.121 1.079 
Final R1 0.0484 0.0606 0.0389 
wR2 
0.1358, 3559 for  
reflections with I > 
2σ(I) 
0.1255, 3252 for  
reflections with I > 2σ(I) 
0.0928, 3264 for  
reflections with I > 
2σ(I) 
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Figure S5.2- 1. Powder X-ray diffraction patterns of simulated V-2.1 (olive) and as-synthesized 
bulk V-2.1 (orange). 
 
Figure S5.2- 2. Powder X-ray diffraction patterns of simulated V-2.3 (olive) and as-synthesized 
bulk V-2.3 (orange). 
 





Asymmetric Solid State [2+2] Photo 
Cycloaddition Reaction: 'Phenyl-Olefin' 
Hetero Dimerization 
 
Even after half a century, the solid state photo cycloaddition reactions are 
mainly restricted to the reaction between similar moieties such as olefin-olefin, 
antharacene-anthracene etc. In addition, the activation of aromatic group is very 
challenging due to their stabilization energies. In our current work, we observed 
the photo cycloaddition reaction of olefin with the phenyl group (phenyl-olefin) 
and result in the formation of bicyclo[4.2.0]octa-2,4-diene derivative. Such a 
photo cycloaddition reaction between phenyl and olefin group is unprecedented in 
the literature. This reaction has been confirmed by SXRD, NMR and other 
characterization techniques.   





In photo chemical reactions, the photons will excite molecules to higher 
energies in very short periods of time. Therefore it is very hard to monitor or 
control photo reactions, especially during the preparation of highly strained 
asymmetric compounds with great stereo- and regio specificity. In this regard, 
solid state reactions would really provide a great avenue due to the restricted 
motion of molecules in the solid during the solid state reactions and controlling 
the reactive species in a specified manner by several non-covalent interactions.
[1]
  
Topochemical reactions have shown the possibility of stereo chemical 
reactions in the solid state, especially [2+2] photo cycloaddition and 
polymerization reactions after the pioneering work of Schmidt in late 60’s mostly 
in quantitative yields.
[2]
 Based on the experiments performed by Schmidt on 
cinnamic acid and derivatives, it has been hypothesized that a solid compound in 
which the olefin groups are separated by less than 4.2 Å is considered to be 
photoreactive.
[3]
 This concept has been utilized extensively during the synthesis of 
several unique compounds with much less effort and in high yields.
[4]
 However, 
there is a possibility of photo cycloaddition between a pair of parallelly aligned 
double bonds even when the distance between them exceeds the postulated 
distance and such cycloaddition reactions have mainly been restricted to the 
cycloaddition of olefin, antharacene groups for last few decades.  
Aromaticity is one of the well-established properties of several organic 
compounds in the history of chemistry for more than two centuries. It is especially 




well-known for their stabilization energy during the ring formation and the 
delocalization of electrons in the aromatic compound/rings compared to the 
individual bond energies. This aromaticity and stabilization of the aromatic ring 
compounds have been well studied in the early 19
th
 century. The reactivity of 
these delocalized electrons is relatively less known in the literature. In most cases, 
even after the involvement of electrons from these aromatic rings during the 
chemical reactions, they will regain its aromaticity and stabilize the structures at 
the end of the reaction one such reaction is the aromatic nucleophilic substitution, 
namely, the aromatic-ene reaction
[5]
. However, there is a very limited literature 
available to show the activation or the reactivity of these aromatic rings in any 
reaction both in solution or solid. By virtue of the high stabilization energy of 
phenyl rings, to the best of our knowledge, possible photo cycloaddition reaction 
with the olefins in the solid state has not been attempted. A simple CSD search for 
the alignment of a olefin with the C-C of phenyl ring with 3.5-4.2 Å distance 
criteria generates more than 100,000 hits.
[6]
 However, the photo cycloaddition 
reaction of phenyl ring with olefins has neither been reported nor been attempted, 
probably due to the aromaticity of phenyl rings. 
In our current work, we stumbled upon an interesting asymmetric photo 
cycloaddition of an olefin with the phenyl ring (‘phenyl-olefin’ hetero-
photoreaction) driven by the solid state packing of the molecules. This surprising 
and unprecedented reactivity could be attributed to the fact that the olefins are 
separated by a distance beyond Schmidt’s requirements, whereas an olefin and the 
phenyl of neighboring metal complexes were more closely aligned and hence 




underwent photo cycloaddition instead, during the UV irradiation experiments. 
Thanks to the single-crystal-to-single-crystal (SCSC) transformation which 
provided a very strong evidence for the confirmation of this ‘phenyl-olefin’ photo 




F NMR data. 
6.2 Results and discussion 
6.2.1 Structural description of [Zn2(toluate)4(2F-4spy)2] (VI-1) 
Colorless block shaped single crystals of bimetallic metal complex, 
[Zn2(toluate)4(2F-4spy)2] (VI-1) (toluate = para-toluate, 2F-4spy = 2-fluoro-4-
styrylpyridine) were obtained by slow evaporation of the aqueous ethanol solution 
of Zn(OAc)2, p-toluic acid and 2F-4spy in a 1:2:2 molar ratio and 3 drops of 0.75 
M NaOH. This compound is crystallized in the monoclinic P21/c space group. 
The asymmetric unit contains the whole formula unit. Both the Zn
2+
 metals were 
bridged together by two toluates and also chelated by two carboxylates of toluates 
as shown in Figure 6-1 and adopts a distorted square pyramidal coordination 
geometry where the apical positions are coordinated by 2F-4spy ligand. Although 
both Zn
2+
 atoms adopt same coordination geometry, they are distinct in the solid 
state, as it is observed that Zn2 is slightly twisted and experiences further 
distortion, as evidenced by the Zn2-O4 distance of 2.64 Å, which is much longer 
than other Zn-O bond distances but less than the Van der Waals radii, 2.91 Å. 
This is one of the rarest dimer unit and the CSD search showed only one example 
having this geometry in discrete metal complexes.
[7]
 Moreover, the 2F-4spy 




bonded to Zn1 is disordered with the occupancy ratio 87:13 along with one of the 
bridging toluate ligands. The center of inversion symmetry is present in the both 
sides of the molecule close to the middle of 2F-4spy ligands which brought 2F-
4spy ligands from neighboring complexes closed together. This makes the 
neighboring 2F-4spy molecules to align in a head-to-tail manner. The purity of 
this compound has been confirmed by elemental analysis and PXRD 
measurements (Figure 6-2). 
 
Figure 6- 1. Solid state structure of metal complex, VI-1. 
 




Figure 6- 2. Comparison of PXRD pattern of VI-1.  
6.2.2 Photoreactivity of VI-1 
The 2F-4spy molecules which are coordinated to Zn
2+
 atoms showed pi-pi 
stacking with the adjacent molecules (Figure 6-3). As a result of asymmetrical 
building unit of VI-1, two different alignments of olefins from 2F-4spy are 
observed on both sides of the metal complexes. The olefin groups of the 2F-4spy 
ligand bonded to Zn2
 
is observed to align in parallel with that from the 
neighboring complex with a distance of 3.74 Å, which is within the Schmidt’s 
topochemical criteria.
[3a, 3b, 8]
 Hence this C=C pair is expected to be photoreactive 
under UV light and expected to furnish the expected cyclobutane derivative 
quantitatively. Interestingly, the olefin group of the 2F-4spy ligand bonded to the 
Zn1 is also parallelly aligned, but the distance between the olefin groups is far 
beyond Schmidt’s distance criteria, at 4.89 Å (Figure 6-3). This difference in the 
separation of distances might be due to the distorted asymmetric building unit. 
According to Schmidt’s topochemical criteria, this pair of olefins should be photo 
stable or will undergo photo cycloaddition if there is a movement between these 
molecules to bring the C=C pairs close together.  





Figure 6- 3. [2+2] photo cycloaddition in VI-1 and the formation of 1D CP, VI-2 containing an 
unusual photo product, bicyclo[4.2.0]octa-2,4-diene derivative, L1. 
The 
1
H NMR spectral data of UV irradiated sample of VI-1 showed the 
quantitative photo cycloaddition of one 2F-4spy pair that is coordinated to Zn2 
and results in the formation of rctt-2F-ppcb (rctt-2F-ppcb = regio - cis, trans, 
trans - 1,3-bis(4-pyridyl)-2,4-bis(2-fluoro phenyl)cyclobutane as anticipated. 
However, in addition to the above peaks, the 
1
H NMR spectra of this compound 
showed several new peaks which do not belong to the rctt-2F-ppcb or 2F-4spy 
ligands, suggesting that there might be some other interesting photo 
transformation occurred instead (Figure 6-4).  





Figure 6- 4. 
1
H NMR spectra of 1 before and after UV (VI-2).  
In a bid to obtain the solid state structure of the unusual photo product, we 
attempted several SCSC reactions and succeeded eventually. Initially, all the 
small crystals and thin crystals showed several cracks and were not suitable for 
intensity data collection.
[9]
 Fortunately, we had relatively big and thick blocks of 
crystals and SCSC conversion was attempted on the crystal and luck favored and 
this crystal survived the whole photo transformation and have been used for data 
collection. By virtue of this SCSC photo transformation, solid state structural 
characterization was possible and the results are discussed below. 
Even after the photo cycloaddition reaction, the compound (now onwards 
VI-2) crystallized in the same space group (P21/c) as mother crystal VI-1. During 
the photoreaction, the volume of the cell has been reduced by ~ 2% which is 




mainly affected the crystallographic a- and c-axes (Table 6-1). As expected from 
the mother crystal, the aligned C=C bond pairs in 2F-4spy ligands which are 
coordinated to Zn2 showed quantitative [2+2] cycloaddition reaction and resulted 
in the formation of rctt-2F-ppcb which can be refined easily in SHELXL. 
However, the photo cycloaddition of 2F-4spy which is bonded to Zn1 (where the 
olefin groups are separated by 4.89 Å) showed severe disorders marred by the 
presence of inversion symmetry. Upon closer examination to the structure of VI-
1, it was realized that the olefin of 2F-4spy is nicely aligned with the aromatic C-
C which is separated by a distance of 3.62 Å as showed in Figure 6-3. 
In addition, similar to mother crystal, VI-1 there are two centers inversion 
symmetry in this photo product; one is in the middle of the cyclobutane, rctt-2F-
ppcb and another, in the middle of asymmetric dimer of 2F-4spy. The disorders in 
the final structure could be modelled into two ways (i) reaction between one 
olefin group and the phenyl group leading to the formation of L1 (Figure 6-5) 
with very highly strained bicyclic ring with highly stereo specific product with 
four stereo centers in quantitative yield and (ii) reaction of both the olefin groups 
from the neighbouring 2F-4spy ligands with the phenyl groups leading to the 
formation of L2 (Figure 6-6) with the ladderane structure with five closed rings 
fused together. The leftover electron densities due to the unreacted 2F-4spy. 





Figure 6- 5. Possible photo cycloaddition pathways in VI-1. 
To confirm the final structure ambiguously, we recorded 
19
F NMR spectrum 
and compared with the compound VI-1 before photo irradiation, and the rctt-2F-
ppcb-F2 (Figure 6-6). Hence F3 and F4 (peak positions at -110.5 ppm and -114.5 
ppm) should be due to L1 and L2. Since a single chemical shift is expected for 
L2, the two peaks F3 and F4 could be due to the F atoms in L1. Hence, 
19
F NMR 
data supported the formation of L1 bicyclo[4.2.0] octa-2,4-diene derivative over 
L2. Moreover, the absence of the monomer peak at -117.7 ppm confirms the 
quantitative photoconversion of the metal complex and the formation of 1D 
polymeric structure. The combination of the crystallographic and NMR results 




provide evidence for the formation of a novel bicyclic product (L1, 
bicyclo[4.2.0]octa-2,4-diene).  
 
Figure 6- 6. 
19
F NMR of VI-1 before and after UV irradiation (to form VI-2) along with the 
spectra of rctt-2F-ppcb (from bottom to top) 
This is the first novel solid-state photo cycloaddition of an olefin with the 
phenyl ring (‘phenyl-olefin’ hetero cycloaddition reaction). Though there were 
extensive studies conducted on the photo cycloaddition of olefins, anthracenes 
and other similar reactive moieties for more than half a century, such ‘phenyl-




olefin’ photoreaction has not been encountered before. This unusual cycloaddition 
reaction results in the formation of highly strained steric bicyclic product at the 
expense of aromatic character of the phenyl ring during the solid state photo 
cycloaddition reaction.  
After examining this unique hetero photo cycloaddition reaction in VI-2, we 
suspect that the phenyl group underwent dimerization with the olefin specifically 
near to the F-substituent, hence probably fluorine has a role to play. Fluorine, 
being highly electron-withdrawing, withdraws electron density from the phenyl 
group that it is substituted on, lowering the LUMO of the C-F bonding orbitals 
and thereby decreasing the HOMO-LUMO gap facilitating the photoreaction.
[10]
 
Therefore, the fused bicyclic ring is favorably formed although the aromaticity of 
the phenyl is sacrificed. Therefore, efforts are in progress to grow isomorphous 
and isostructural crystals with 4spy ligand, without fluorine atom on the phenyl 
ring to verify this hypothesis.  
6.2.3 Structural description of [Zn2(toluate)4(4spy)2] (VI-3) 
Colorless block shaped single crystals were obtained by slow evaporation of 
methanol solution of Zn(OAc)2, p-toulic acid and 4spy in 1:2:2 molar ratio along 
with the addition of 3 drops of 0.75 M NaOH to deprotonate the toluic acid. The 
SXRD result shows the formation of isostructural metal complex, 
[Zn2(toluate)4(4spy)2] (VI-3), which is isostructural to VI-1 (Table 6-1). 
Preliminary 
1
H NMR spectrum of photo irradiated compound VI-3 shows the 
formation few new peaks as VI-2 (Figure 6-8). The 
1
H NMR spectrum is complex 




and 2D NMR should be employed to understand the structure of VI-4 completely. 
Due to time constraint for Ph D thesis submission, these will be investigated later.  
 
Figure 6- 7. 
1
H NMR spectra of VI-3 before and after UV irradiation. 
 
Figure 6- 8. PXRD pattern of VI-3. 





In summary, we report an unprecedented, very unusual and surprising [2+2] 
photo hetero cycloaddition of an olefin bond with a phenyl ring in the solid state. 
This unusual reaction has been observed in two organic ligands 2F-4spy and 4spy.  
This novel ‘phenyl-olefin’ product has been characterized by SCSC reaction, 1H 
NMR and 
19
F NMR studies. Thus, this solid state raved way to synthesize highly 
strained bicyclic compounds easily.  
Table 6-1. Crystallographic information of VI-1, VI-2 and VI-3.  
 VI-1 VI-2 VI-3 
Molecular formula C58H48F2N2O8Zn2 C58H48F2N2O8Zn2 C58H50N2O8Zn2 
Space group P21/c P21/c P21/c 
a Å 25.635(7) 25.8026(13) 25.010(3) 
b Å 12.264(3) 12.3472(5) 12.3119(14) 
c Å 16.391(4) 15.9123(7) 16.2873(18) 
β 104.731(4) 105.476(2) 103.339(2) 
V Å
3
 4984.(2) 4885.7(4) 4880.0(9) 
Z 4 4 4 
Dcalcd g.cm
-3
 1.426 1.454 1.407 
µ mm
-1
 1.029 1.050 1.042 
GOF 1.038 1.024 1.043 
Final R1 0.0477 0.0484 0.0665 
wR2 0.1101 0.1114 0.1383 
data I > 2σ(I) 8767 8637 8079 
 
6.4 Experimental details 
Materials and general methods  
Synthesis of compound VI-1: Colourless block shaped single crystals were 
obtained from the slow evaporation of aqueous methanol solution Zn(AcO)2.2H20 
(11 mg, 0.05 mmol), p-toluic acid (13.6 mg, 0.1 mmol) and 2F-4spy (20 mg, 0.1 
mmol) and addition of 3 drops of 0.75 M NaOH. The crystals were dried at room 




temperature (Yield: 25.3 mg (50%)). The elemental analysis (%): Calculated for 
C58H48F2N2O8Zn2: C 65.12, H 4.52, N 2.62; found: C 65.00, H 4.24, N 2.64. 
1
H 
NMR (D6-DMSO, 300 MHz, 298 K): δ 8.58 ppm (d, 4H, pyridyl protons of 2F-
4spy), 7.84 ppm (d, 4H, pyridyl protons of 2F-4spy), 7.2 – 7.7 ppm (m, 12H, 
aromatic protons of 2F-4spy), 2.34 ppm (s, 12H, methyl protons of p-tol). IR 
(KBr pellet, cm
-1
) 1609 (s), 1562 (s), 1505 (s), 1411 (s), 1223 (m), 1178 (m), 
1110, 1028 (m), 975, 855 (m), 818 (m), 762 (s), 692 (m), 629 (m), 554, 518, 477, 
425. 
Synthesis of compound VI-2: Pale yellow single crystals of VI-2 were obtained 
by irradiation of big block single crystals of VI-1 under UV light for 4 h in Xe-
source using MAX-150 optical photoreactor. For crystalline powder of VI-2 was 
obtained by the UV irradiation of crystalline powder of 1 packed between the 
pyrex glass for 30 min slides after grinding the single crystals into powder. 
1
H 
NMR (D6-DMSO, 300 MHz, 298 K): δ 8.58 ppm (d, 2H, pyridyl protons of L1), 
8.48  ppm (d, 2H, pyridyl protons of L1), 8.35  ppm (d, 2H, pyridyl protons of 
rctt-2F-ppcb), 7.83 (d, 8H, aromatic protons of p-toluate), 7.2 ppm (d, 8H, 
aromatic protons of p-toluate), 6.9 – 7.7 ppm (m, 8H, aromatic protons of rctt-2F-
ppcb, 6H, L1), 6.2-6.6, 5.2-5.5, 3.66 (m, 8H, olefinic protons of L1), 4.72 ppm (s, 
2H, cyclobutane protons of rctt-2F-ppcb), 2.34 (s, 12H, methyl protons of p-
toluate). IR (KBr pellet, cm
-1
): 1600 (s), 1563 (m), 1510, 1414 (s), 1230, 1178, 
1110, 1071, 1034, 851, 764 (s), 694, 627. 567m 476, 444. 
Synthesis of compound VI-3: Pale yellow block/rod shaped single crystals were 
obtained from the slow evaporation of aqueous methanol solution of 




Zn(AcO)2.2H2O (11 mg, 0.05 mmol), p-toluic acid (13.6mg, 0.1mmol) and 2F-
4spy (20 mg, 0.1 mmol) and the addition of 3 drops of 0.75 M NaOH. The 
crystals were dried at room temperature (Yield: 25.3 mg (50%)). 
1
H NMR (D6-
DMSO, 300 MHz, 298 K): δ 8.55 ppm (d, 4H, pyridyl protons of 4spy), 7.83 ppm 
(d, 8H, p-toluate protons), 7.2 – 7.7 ppm (m, 18H, aromatic protons of 4spy), 7.20 
ppm (d, 8H, p-toluate protons), 2.34 ppm (s, 12H, methyl protons of p-tol).  
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Supplementary Information  
 
Figure S6- 1. Comparison of PXRD pattern of VI-2. 
 
Figure S6- 2. The complete range of 
19
F NMR spectrum of VI-1 before, after UV-irradiation (VI-
2) and rctt-2F-ppcb (bottom to top). 
 
Figure S6- 3. TGA DTG of VI-1. 





Solvent Induced Structural Dynamics in 
Non-Interpenetrating Porous Coordination 
Polymeric Network 
 
 Three novel soft porous coordination polymers (PCP) with 1D rhombic 
channels have been synthesized with a new rigid ligand PNMI by partial 







Zn-analogue is based on paddle-wheel SBU with a 3,6-connected rtl net topology 
whereas Cd & Mn-PCPs isotypical, but the M(O2C-C)2 fragments aggregate in 
one-dimension and the overall connectivity is the same rtl net topology. The 
guest molecules in Zn-PCP can be exchanged with EtOH and further with other 
solvents such as EG, TEGly, Allylalcohol in SCSC manner with reduction in the 
void space. However, while activated Cd & Mn-PCPs exhibit no uptake of N2, H2 
at 1 bar and 77 K and very low uptake of CO2 gas at 1 bar and 196 K, activated 




, over N2 and H2 at 1 bar and 196 
K, which corresponds to 5.87 molecules of CO2 per formula unit of VII-2. 
 
Medishetty, R., Jung, D., Song, X., Kim, D., Lee, S. S., Lah, M. S. & Vittal, J. J. 
Solvent-Induced Structural Dynamics in Noninterpenetrating Porous Coordination 
Polymeric Networks. Inorg. Chem. 52, 2951-2957 (2013).   





In the past two decades, porous coordination polymers (PCPs) or metal-
organic frameworks (MOFs) attained a tremendous amount of growth not only 
due to their connectivity, topologies and structural patterns,
[1]
 but also their 
diverse potential applications in gas storage, separation, catalysis, lithium ion 
batteries and sensors.
[2]
 Among these, flexible or soft porous networks which is 
also called the third generation of PCPs have generated interests because of their 
structural dynamics compared to the rigid MOFs.
[3]
 This dynamic nature seems to 
be advantageous for the development of new materials for separation of gas 
mixtures.
[3b, 4]
 Numerous flexible MOFs have been reported, which are mainly 
derived from flexible ligands
[5]
 but limited literature is also available on flexible 
MOFs containing flexible SBUs.
[3b]
 Recently, Kitagawa et.al. discussed flexible 
nature of Zn
2+
 paddle-wheel secondary building unit (SBU) upon evacuating the 
compound and transforming into tetrahedral coordination geometry through an 
intermediate state.
[6]





 However, monitoring this flexible nature of soft 
SBU is one of the challenging tasks which stems from maintaining single crystals 
during the removal or exchange of guest molecules. Though there are few reports 
available in the guest exchange process,
[8]
 it is still very hard to study the 
structural dynamics through  exchanging the guest molecules via SCSC manner.
[9]
 
The exchange of guest molecules can make and break different supramolecular 
interactions with the main structure together with the change in size and shape of 




the space occupied by different guest molecules in the exchange process and these 
create strain to make the crystal break.  
The emission of CO2 is one of the major environmental issues in global 
warming. An easier solution to control the CO2 in the atmosphere is to capture the 
gas using non-chemical and eco-friendly processes. A number of MOFs have 
been found to be suitable for this purpose by physisorption due to large surface 
area, pore volume and ease in the cycling process.
[1c]
 However, designing these 
materials is one of the challenging processes due to the preparation of these 
compounds with specific functional groups exposed towards the pores, which can 
interact with the gas molecules.
[10]
 This current work presents synthesis of three 
porous MOFs, where the pore is mainly exposed with highly polar imide oxygen 
atoms suitable to interact with the quadrupolar gas molecules such as CO2.
[11]
 The 
ligand N-(4-pyridyl)-1,4,5,8-naphathalenetetracarboxymonoimide (PNMI) used in 
these MOFs were obtained inadvertently by the partial hydrolysis of  N,N′-di-(4-
pyridyl)-1,4,5,8-naphthalenetetra-carboxydiimide (DPNI) in the solvothermal 
reactions. The solid state structures of all the three MOFs possess rhomboidal 
channels. The soft and flexible nature of the Zn
2+
 MOF was established through 
various guest exchange reactions in an SCSC manner. The Cd
2+
 MOF shows 




 at 196 K over H2, N2, Ar and CH4. 
7.2 Results and discussion 
In all the three syntheses, solvothermal reactions between the metal salts 
and DPNI in a mixture of DMF and water resulted in single crystals containing a 




partially hydrolysed product of DPNI. In this new ligand N-(4-pyridyl)-1,4,5,8-
naphathalenetetracarboxy- monoimide (PNMI) one of the imide groups of DPNI 
hydrolysed under the reaction conditions employed as shown below. 
It appears that the extent of hydrolysis depends on the nature of metal ion 
used, as indicated by the yield that varies in the range 38-80%. The formation of 
uniform products in these reactions was confirmed by a comparison of powder X-
ray diffraction pattern with that generated from the single crystal data and 
elemental analysis. The DPNI has been used in a number of solvothermal 
syntheses of about 10 different coordination polymers;
[11a, 12]
 to our surprise such 
hydrolysis has not been reported so far. Here we describe the crystal structures of 
three structurally similar coordination polymers, of which two are isotypical, 
formed by this interesting and unique ligand, PNMI. 
 
Scheme 7-1. PNMI as a partial hydrolysis product of DPNI ligand. 
 




7.2.1 Structural description of [Zn(PNMI)]•2DMA (1•2DMA, VII-1a)  
The asymmetric unit of [Zn(PNMI)]•2DMA (1•2DMA, VII-1a) consists of 
a Zn
2+
, one PNMI ligand and two DMA lattice solvents. The structure consists of 
the well-known paddle-wheel SBU in which the two Zn
2+
 have a distorted square 
pyramidal geometry. Each paddle-wheel SBU is coordinated by carboxylates 
groups from four different PNMI ligands and the two apical positions are 
occupied by pyridyl-N atoms from two different PNMI ligands forming a 3D 
porous structure as shown in Figure 7-1a. On the other hand, the two carboxylates 
from the same PNMI ligand is bonded to two adjacent Zn
2+
 pairs in the paddle 
wheels. Crystallographic inversion center is present in the middle of these paddle 
wheel SBU units. This connectivity generates rhombic channels along the a-axis 
as shown in Figure 7-1b. The connectivity can be simplified as a 3,6-connected 
binodal network of an rtl net topology (Figure 7-2) by considering PNMI as a 





Figure 7- 1. (a) Coordination geometry and connectivity in VII-1a. (b) A portion of the 3D 
structure of VII-1a viewed along a-axis. The guest molecules and the hydrogen atoms have been 
omitted for clarity. 





Figure 7- 2. Schematic representation of rtl net of VII-1.  
The diagonal distances between the centers of paddle-wheels in the rhombic 
channels are 25.301(3) and 18.886(2) Å (b and c axes of the unit cell). The 
channels are filled with DMA molecules. PLATON
[14]
 shows the total potential 
solvent area volume is 1290.5 Å
3
 (i.e., 48.1% per unit cell volume, 2681.0 Å
3
) 
after removing these two DMA molecules. 
7.2.2 Guest replacement by SCSC process 
These DMA molecules in 1a can easily be exchanged with ethanol without 
destroying its single crystal nature. The solvents in these single crystals of 
1•1.25EtOH•0.375H2O (VII-1b) can be further replaced by ethylene glycol (EG), 
triethylene glycol (TEGly) and allyl alcohol (AllylOH) by soaking VII-1b in the 
respective guest liquids to give 1•0.5EG•0.75H2O (VII-1c), 1•TEGly (VII-1d) 
and 1•1.25AllylOH•1H2O (VII-1e) respectively. The crystal structures of all these 
compounds have been determined from the single crystal X-ray diffraction 




experiments. The cell data and relevant information of the guest exchanged 
crystals are shown in Table 7-1. 
 
 
Figure 7- 3. The distortion in paddle wheel SBU upon exchanging the lattice solvent. 
For instance, when VII-1a was exchanged with ethanol, there is a decrease 
in the cell volume (2681 Å
3
 to 2522.6 Å
3
) in VII-1b as well as reduction in the 
porosity (48.1% to 44.8%). The reduction in cell volume is maximal for VII-1e 
and as a result the pore volume is also drastically reduced to 37.9%. This shows 
the breathing and dynamic nature of this framework which can also be understood 
by comparing the diagonal distances of the rhombic channels in these crystals in 




Table 7-1. The length of the b-axis in the unit cell increased from 25.301(3) Å in 
VII-1a to 27.633(7) Å in VII-1e while the length of the c-axis has contracted 
from 18.886(2) Å in VII-1a to 14.847(4) Å in VII-1e. This is reflected in the 
distortion of the rhomboidal framework. As we go down from VII-1a to VII-1e in 
the Table 7-1, the angle subtended by the equatorial and axial PNMI ligands with 
respect to the paddle-wheel unit has increased from 105.65° to 123.50° (Figure 7-






Figure 7- 4. (a) A portion of the structure showing the arrangement of the guest triethyleneglycol 
in VII-1d. b) The hydrogen-bonded triethyleneglycol dimer in VII-1d. 
In the structures obtained by exchanged guest molecules VII-1b, VII-1c 
and VII-1e, either a mixture of solvents have been incorporated or the guest 
molecules have been partially occupied and/or disordered in the channels. But in 
the case of VII-1d where the channel is occupied by the TEGly as shown in 
Figure 7-4a, a perfectly ordered hydrogen-bonded dimer has formed through 
complementary H-bonding (Figure 7-4b). This guest dimer is forming three ten-
membered hydrogen-bonded rings within the channel of VII-1d. Although this 
TEGly ligand is a popular multi-dentate ligand for lanthanide metal ions, there is 




only one crystal structure reported to have crystallized TEGly as a guest molecule 
with no aggregation.
[16]
 It appears that the channels in VII-1 provided a tight fit 
for this hydrogen-bonded TEGly dimer which has never been observed before. 
Further, all the single crystals of VII-1a - VII-1e do not survive without the guest 
molecules. This could be due to the strain created by severe distortion of the 
channel shape on guest removal. However, the PXRD patterns confirmed that 
they still retain the same crystal structure (Figure 7-5). 
 
Figure 7- 5. Simulated XRPD patterns of VII-1a - VII-1e showing they are not similar yet they 
are isotypical. 
From the dynamic behavior of this compound one might anticipate to 
generate little or no porosity due to distortion in the channels, however some 
specific guest molecules can reopen these channels expected to give hysteretic 
adsorption.
[3b, 4]
 On the other hand the pores have been found closed in many 
interpenetrated structures due to the movements of the different frames closer to 
each other to fill in the empty space.
[17]
 




Table 7- 1. Cell data of VII-1a-e, VII-2 and VII-3. 
Crystal a, Å b, Å c, Å ,  V, Å3 Void, Å3 (%) 
 PNMI-Zn 
SBU-PNMI (°) 
VII-1a 5.6364(6) 25.301(3) 18.886(2) 95.470(2) 2681.0(5) 1290.5 (48.1) 105.6 
VII-1b 5.5871(2) 25.9462(9) 17.4983(7) 96.031(2) 2522.6(2) 1130.7 (44.8) 111.1 
VII-1c 5.6137(2) 26.3769(9) 17.1499(6) 96.820(2) 2521.5(2) 1122.7 (44.5) 113.2 
VII-1d 5.5797(4) 25.923(2) 16.793(1) 98.575(4) 2401.9(3) 1003.4 (41.8) 113.8 




4.9738(5) 24.836(3) 20.663(2) 95.903(3) 2538.9(4) 1138.8 (44.9) 96.5 
VII-
3·075DMF 
5.0169(3) 24.985(2) 20.695(2) 95.721(4) 2581.1(3) 1083.7 (42.0) 110.0 
 
A closer look at the structure reveals that the metal
2+
 atoms have been away 
from the plane of the pyridyl ring to which it is bonded. This distortional 
parameters namely, the angle of deviation from planarity and the distance from 
the plane of the pyridyl ring bonded, have been collected in Table 7-2. For VII-1a 
- VII-1e, these deviations are pronounced and are in the range 14.2 – 26.1º and 
0.51 – 0.94 Å. But there is no trend observed that can be correlated to any of the 
parameters listed in Table 7-1. Maximal distortion occurs in VII-1d (26.1º and 
0.94 Å) where highly ordered hydrogen-bonded TEGly dimers have been 
occupied the channel. It appears that the overall structure is stabilized by these 
hydrogen-bonded TEGly dimers at the cost of this distortion. Such a highly 
distorted MOF structure stabilized by weak hydrogen bonding interactions seems 
to be very unusual. On the contrary, these distortional parameters are smaller for 
VII-2 and VII-3 as compared to VII-1 probably providing robustness by the more 
rigid octahedral environment (Figure 7-7a). 




Another interesting observation of the structural data for VII-1a - VII-1e is 
their simulated XRPD patterns. These cell data can be considered as isotypical 
despite large variation in the a and b axes and the structure may be considered as 
isostructural with different guest molecules occupying the channels. However, 
from the simulated XRPD patterns of VII-1a - VII-1e shown in Figure 7-5, it is 
difficult to predict they are indeed isomorphous and isostructural. Hence if the 
XRPD patterns of the solvated bulk sample do not match with those of the 
simulated patterns, it may mean that they are not isotypical. Care must be 
exercised before making the judgment. 
Table 7- 2. Some Useful Metric Parameters for VII-1 - VII-3. 
Crystal a, Å b, Å c, Å V, Å3 Void, Å3 (%) 
N2-N1-M 
Angles ( ) 
Deviation of 
M from py 
plane, Å[a] 
VII-1a 5.6364(6) 25.301(3) 18.886(2) 2681.0(5) 1290.5 (48.1) 165.8 0.51 
VII-1b 5.5871(2) 25.9462(9) 17.4983(7) 2522.6(2) 1130.7 (44.8) 160.7 0.71 
VII-1c 5.6137(2) 26.3769(9) 17.1499(6) 2521.5(2) 1122.7 (44.5) 163.3 0.61 
VII-1d 5.5797(4) 25.923(2) 16.793(1) 2401.9(3) 1003.4 (41.8) 153.9 0.94 
VII-1e 5.642(1) 27.633(7) 14.847(4) 2278.3(10) 863.0 (37.9) 160.3 0.66 
VII-2 4.9738(5) 24.836(3) 20.663(2) 2538.9(4) 1138.8 (44.9) 170.5 0.35 






See the Figure 7-6 for details. [b]For the two disordered pyridine fragments of PNMI. 






Figure 7- 6. The distortion at the M-pyridine is highlighted for VII-1d (top). The parameters that 
describe this distortion are enumerated in this figure (bottom). 
7.2.3 Structural description of [Cd(PNMI)]•0.5DMA•5H2O (VII-2•0.5 
DMA•5H2O) 
Compound [Cd(PNMI)]•0.5DMA•5H2O (VII-2•0.5 DMA•5H2O) has been 
synthesized as light yellow block crystals by the solvothermal reaction from 
Cd(NO3)2 and DPNI in DMA, water and methanol mixture at 90°C for 48 h. The 
structure of this compound was determined by single crystal X-ray diffraction 
experiments, and the PXRD patterns confirmed the phase purity of the bulk. This 
compound crystallized in monoclinic P21/n space group and the asymmetric unit 
consists of one Cd
2+
 metal ion, one PNMI, 0.5 DMA and five highly disordered 
water molecules. In this compound Cd
2+ 
is present in octahedral coordination 
geometry. Each Cd
2+ 
is coordinated by five carboxylate O atoms from four 
different PNMI ligands and the coordination geometry is completed by  a pyridyl-
N from another PNMI ligand as shown in Figure 7-7a. Further, each PNMI is 




coordinated to four different Cd
2+
 atoms through carboxylate ligands. One of the 
carboxylate oxygen atoms, namely, O3 from two different PNMI ligands is 
bridging axially to one Cd
2+
 atom and equatorially to another Cd
2+ 
atom forming a 
four-membered Cd2O2 ring and the other three carboxylate O atoms are bonded in 
a monodentate manner. This connectivity produces a one-dimensional structure 
aligned along a-axis and all these 1-D strips are well-aligned in a herringbone 
style in the bc - plane. The 1-D polymeric strips are interlinked to the four 
adjacent 1-D strips via Cd-N bonds to create a 3-D structure with 1-D channels all 
aligned along a-axis as shown in Figure 7-7b. 
If one considers the Cd2O2 ring as a 6-connected node, then VII-2 is a 
network of the same rtl net topology as VII-1 discussed above. In the rhomboidal 
1-D channels the diagonal distances from the centres of the Cd2O2 ring forming 
the rhombus structure correspond to the b- and c-axes of the unit cell 24.836(3) 
and 20.663(2) Å. However, it may be noted from Figure 7-7b that they are bent. 
But the strain at the Cd-pyridine bond has been relieved as compared to VII-1. 
The potential void volume of 1138.8 Å
3
 (44.9% of the unit cell volume, 2539 Å
3
) 









Figure 7- 7. (a) A view showing the connectivity and coordination sphere around Cd
2+
 in VII-2. 
The symmetry operator for O3a is -x+1, -y, -z+1. (b) A rhombic channel formed by the 
connectivity in VII-2 viewed along a-axis. 
The isomorphous and isostructural Mn
2+
 compound, [Mn(PNMI)]•0.75 
DMF (VII-3•0.75DMF) has been synthesized from Mn(ClO4)2 in DMF/water 
solution with DPNI at 80°C for 60 h. However, in the case of any of these 
compounds, we observed the exchange of DMA with water and methanol which 
has been confirmed by TGA. But further exchange with other solvents is not 
successful from the point of retention of single crystals. This could be explained 
due to rigid metal carboxylate aggregates and higher coordination environment in 
VII-2 and VII-3. On the other hand, the soft SBU
[6-7]
 in the case of VII-1 appears 
to favor the exchange of lattice solvents with other guest molecules. The TGA 
showed that all these compounds VII-1 - VII-3 are stable up to 370 to 400°C 
(Figure S7-3 to S7-6). 
7.3 Gas sorption studies 
The presence of large channels and good thermal stability of these 
compounds prompted us to study the gas sorption properties of these compounds. 




For this purpose, all these compounds has been activated and studied N2 and H2 
sorption at 1 bar and 77 K. Surprisingly, all these compounds show little or no 
uptake of N2 and H2 gases (Figure S7-7). This is probably due to the contraction 
of the pores under activation conditions and there were little or no accessible pore 
surface for these gases, which also supported by the shift in the PXRD (0 1 1) 
peak to higher angles during evacuation of the sample (Figure S7-1). 
 
Figure 7- 8. Compilation of PXRD patterns of VII-2: (a) simulated pattern from single crystal 
data, (b) as synthesized compound, (c) after activation of the compound for sorption studies, (d) 
after all sorption studies. 
 
Figure 7- 9. Compilation of PXRD patterns of VII-3: (a) Simulated pattern, (b) as synthesized (c) 
after all the gas sorption studies. 




On the other hand, the activated VII-1 and VII-3 show a small uptake of 




 respectively) at 196 K and 1 bar. This small uptake 
might be due to the partial recovery of some pores in these solids by the highly 
quadrupole nature of CO2 gas, and the approximate match of the kinetic diameter 
(KD, 3.30 Å)
[18]
 of CO2 to the aperture dimension of the recovered pores. The 
hysteresis might have caused by the interaction of CO2 gas with the polar 
framework and the dynamic nature of the framework. On the contrary, activated 
VII-2 exhibited better recovery of these pores and showed significantly increased 




, at 196 K as shown in Figure 7-10, which corresponds to 
5.87 molecules of CO2 per formula unit of VII-2.  
 
Figure 7- 10. Sorption studies of compound VII-2. Green diamond: CO2 at 196K; black squares: 
N2 at 77K, magenta inverted triangles: CH4 at 196K, red circles: H2 at 77K; blue triangles: Ar at 
87K. 
It is important to note that in the adsorption plot of CO2 gas consist of 
stepwise-rise CO2 uptake at 0.5 bar with hysteresis, which may be due to two 




possibilities. First, may be due to the breathing nature of the framework. Second, 
stepwise adsorption of gas molecules by the compound. However, the stepwise 
adsorption usually observed either by a compound which consist of different sized 
pores or with the pore with different interactions/functional groups exposed at the 
pores. In case of VII-2, all 1D pores are with considerable uniformity in the 
functionality on the walls. Therefore, the step in CO2 adsorption plot might be due 
to the dynamic nature of the framework.
[19]
 Such ‘breathing behavior’ in response 
to adsorbed guest molecules has been observed in many soft porous networks.
[3b, 4, 
6, 15c]
 This is again due to large quadrupole moment (13.4 C.m
2
) and polarizability 
(2.93)
[18]
 of CO2 which enable CO2 to interact with the highly polar imide oxygen 
atoms in the channels and showed better adsorption compared to other gases with 
isosteric heat of adsorption of ~ 24 KJ/mol at initial stages of adsorption and 
slightly reduced at the initial stages of adsorption and increased again, this also 
support the dynamic nature of framework (Figure 7-11). As there is little 
adsorption of N2 gas, surface area of 2 has been estimated by using CO2 









 respectively. Similarly, the sorption study of few other 
samples, such as H2 at 77K, Ar at 87K and CH4 at 196 has been studied (Figure 7-
10). As expected, the polar imide pores selectively adsorbing highly quadrupolar 
CO2 from other gases at 196 K. Such selective adsorption for CO2 over other 
gases is advantageous for the separation of gas mixtures. 





Figure 7- 11. Isosteric heat of adsorption CO2 (a) and CH4 (b) for VII-2 calculated by viral 
equation. 
7.4 Summary 
During the solvothermal synthesis, DPNI was partially hydrolyzed to PNMI 
and provided two structurally similar yet distinct MOF structures showing large 
rhomboidal channels all aligned in parallel. The structure of VII-1 is built from 
paddle-wheel SBU while isotypical VII-2 and VII-3 are made up of one-
dimensional aggregates of M(O2C-C)2 in the framework. The guest molecules in 
VII-1a can be exchanged with EtOH in an SCSC manner to VII-1b which in turn 
has been successfully used to exchange with ethylene glycol, triethylene glycol 
and allyl alcohol without destroying its single crystal nature. These SCSC 
exchanges are accompanied by reduction of the volume of the unit cell up to 16% 
and the void volume up to 33.1%. The decrease in the void volume suggests that 
the soft and flexible nature of the structure and the retention of the structure upon 
removal of the solvents were shown by the PXRD experiments. In order to 
investigate this behavior, sorption studies were undertaken and found that all 
these activated MOFs exhibits very low or no uptake of H2 and N2 gases at 1 bar 
and 77 K, but better adsorption of CO2 with hysteresis. On the other hand, the 




activated VII-2 shows selective CO2 uptake over H2, N2, Ar and CH4 and hence 
would be promising for separation of gas mixtures. 
Table 7- 3. Crystallographic information of VII-1a - VII-1e, VII-2 and VII-3.  



























P21/c P21/c P21/c P21/c P21/n P21/n P21/n 
a Å 5.6364(6) 5.5871(2) 5.6137(2) 5.5797(4) 5.6415(14) 4.9738(5) 5.0169(3) 
b Å 25.301(3) 25.9462(9) 26.3769(9) 25.9231(2) 27.633(7) 24.836(3) 24.9851(17) 
c Å 18.8863(2) 17.4983(7) 17.1499(6) 16.7931(1) 14.847(4) 20.663(2) 20.6949(17) 
β 95.470(2) 96.031(2) 96.820(2) 98.575(4) 100.149(4) 95.903(3) 95.721(4) 
V Å3 2681.0(5) 2522.6(2) 2521.5(2) 2401.9(3) 2278.3(10) 2538.9(4) 2581.1(3) 
Z 4 2 2 2 2 2 4 
Dcalcd 
g.cm-3 
1.486 1.290 1.473 1.590 1.547 1.586 1.210 
µ mm-1 0.974 1.016 1.036 1.087 1.134 0.923 0.550 
GOF 1.036 1.082 1.090 1.095 1.076 1.068 1.129 

















7.5 Experimental details 
Sorption Measurements 
All gas sorption isotherms were measured using a BELSORP-max (BEL Japan, 
Inc.) with a standard volumetric technique using N2 (with purity of 99.999%), Ar 
(99.9999%), H2 (99.9999%), CO2 (99.999%) and CH4 (99.95%) as adsorbates. 
The compound VII-1 and VII-3 were activated at RT for around a day under 
vacuum and compound VII-2 was activated at 150°C for 14 hrs under vacuum 




and studied the gas sorption studies. The adsorption data in the pressure range 
lower than ~ 0.1 P/P0 were fitted to the Brunauer−Emmett−Teller (BET) equation 
to determine the BET specific surface area. The entire set of adsorption data was 
used to obtain the Langmuir specific surface area. 
Synthesis of [Zn(PNMI)]•2DMA (1•2DMA, VII-1a): A mixture of 
Zn(NO3)2•6H2O (3.7 mg, 0.0125 mmol)  and DPNI (5 mg, 0.0125 mmol) were 
added to DMA (2 mL), pyridine (1 mL) and water (0.5 mL) in 20 mL glass vial 
and the reaction solution was sonicated until it gave a clear solution and then 
placed it in a programmable oven and heated it at 120°C for 48 h, followed by 
cooling to room temperature at the rate of 5°C.h
-1
. Light Yellow needle-shaped 
crystals were obtained. These crystals were washed with DMA, water and dried 
under vacuum. Yield: 38% (based on DPNI). Calcd for C19H8N2O6Zn•2C4H9NO 
(FW = 599.91): C, 54.06; H, 4.37; N, 9.34. Found: C, 54.28, H, 4.43, N, 9.27.  
Selected IR (KBr): ν (cm-1) = 3404 (s), 1707 (m), 1661 (s), 1570 (s), 1442 (s), 
1381 (s), 1352 (s), 1242 (s), 1195 (m), 863 (m), 816 (m), 775 (s), (m). TG weight 
loss observed: 29.7%; calculated: 29.1% (for the loss of 2 DMA molecules). 
Synthesis of [Zn(PNMI)]•1.25EtOH•0.375H2O (VII-1b): The single crystals of 
compound 1a were soaked in ethanol for two days. The DMA molecules in the 
solvent channels have been exchanged with ethanol and water retaining the single 
crystallinity suitable for X-ray data collection. TG weight loss observed: 17.73%; 
Calculated: 18.07% (for the loss of 1.25 EtOH and 0.375 H2O molecules). 




Synthesis of [Cd(PNMI)]•0.5DMA•5H2O (VII-2•0.5DMA•5H2O): A mixture 
of Cd(NO3)2•4H2O  (7.7 mg, 0.025 mmol) and DPNI (10 mg, 0.025 mmol) were 
added to 1.5 mL DMA, 1 mL water and 1 mL methanol in 20 mL scintillation vial 
and heated at 90°C for 48 h followed by cooling to room temperature at the rate 
of 4°C.h
-1
, resulted in light yellow block crystals which were filtered and washed 
with fresh DMA and methanol and dried at room temperature. Yield: 80% (based 
on DPNI). Elemental analysis (%) Calcd for C19H8N2O6Cd (472.69) (desolvated 
sample): C, 48.28; H, 1.71; N, 5.93. Found: C, 48.53; H, 2.22; N, 5.97. Selected 
IR (KBr): ν (cm-1) = 3433 (m), 1710 (m), 1663 (s), 1588 (s), 1438 (m), 1380 (s), 
1241 (m), 775 (s), 659 (m), 439 (m). TG weight loss observed: 24.0%; calculated: 
22.0% (for the loss of half DMA and five water molecules). 
Synthesis of [Mn(PNMI)]•0.75DMF (VII-3•0.75DMF): A mixture of 
Mn(ClO4)2•4H2O  (4.25 mg, 0.025 mmol) and DPNI (5 mg, 0.0125 mmol) in 2 
mL DMF, 1 mL water and 100 µL of 1M HClO4 kept in 20 mL scintillation vial 
and heated at 80°C for 48 h followed by cooling to room temperature at the rate 
of 4°C.h
-1
 resulted in light yellow crystals of VII-2 which were washed with fresh 
DMF and water and dried at room temperature. Yield: 62% (based on DPNI) 
Calcd for C19H8N2O6Mn (415.21) (desolvated sample): C, 54.96; H, 1.94; N, 6.75 
Found: C, 54.96; H, 2.18; N, 6.71. Selected IR (KBr): ν (cm-1) = 3404 (s), 1707 
(m), 1661 (s), 1570 (s), 1442 (s), 1381 (s), 1352 (s), 1242 (s), 1195 (m), 863 (m), 
816 (m), 775 (s). 
Caution! Perchlorate salts are potentially explosives. Although we did not have any 
unpleasant experience probably due to the usage of a very small amount, care should be 
taken to avoid any untoward experience. 
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Figure S7- 1. Compilation of PXRD patterns of VII-1: (a) simulated pattern, (b) as synthesized, 
(c) in-situ evacuated sample, (d) after all the gas sorption studies.  
 
Figure S7- 2. 
1
H NMR spectrum of the crystals of VII-1 in D6-DMSO, which were soaked in 1:1:1 
(volume) EG, TEGly and allylalcohol for two days and filtered and rinsed with ethanol. As the 
compound is insoluble in DMSO, a very small amount of HNO3 was added just to dissolve the 
crystals. The hump around 5 ppm is due to acidic water/HNO3. 





Figure S7- 3. TGA of compound VII-1a. 
 
Figure S7- 4. TGA of compound VII-2. 
 
Figure S7- 5. TGA of compound VII-2 after exchanging lattice solvent with methanol and water. 





Figure S7- 6. TGA of compound VII-3. 
 
Figure S7- 7. Gas sorption isotherms for compound VII-1 (olive), VII-2 (blue) and VII-3 (red). 
CO2 sorption (square) at 195K, N2 (circle) and H2 (triangle) sorptions at 77K. Adsorption branch: 
filled symbols, desorption branch: open symbols. 





Figure S7- 8. CO2 sorption isotherms for compound VII-1 (olive), VII-2 (blue) and VII-3 (red) at 








Figure S7- 9. Framework structures of VII-1 with different solvents showing the contraction in the 
pore as explained in Table 7-2. 








Suggestions for Future Work 
  




8.1 Future scope of the work 
This dissertation described several very interesting results with the 
monodentate photoreactive 4spy ligand and its derivatives. The photoreactivity of 
these metal complexes and CPs demonstrate the synthesis of highly strained 
cyclobutane derivative compounds using solid state synthesis, especially, 
photoreactivity of monodentate ligand leading to the photo polymerization of Zn
2+
 
complexes along with the transformation of lower-dimensional CPs to higher-
dimensional CPs. Similar studies can be further extended to explore the use of 
other metal ions, counter anions and other co-ligands containing C=C bonds to 
engineer further interesting compounds.  
Chapter 2 demonstrated the serendipitous photosalient behavior of metal 
complexes. This work can be further extended by using substituents on both 
benzoic acid and 4spy ligand along with the metals atoms systematically. These 
studies will provide foundation for such an interesting photomechanical behavior 
of these compounds, along with the correlation with the solid state packing 
pattern. These fundamentals would really helpful for the design and synthesis of 
actuator materials which would convert the photoenergy into mechanical energy.  
In chapter 3, reversibility of photodimer has been described by heating the 
photodimer at 220˚C in a stereospecific manner. These studies can be further 
extended using different substituents which could lower the reversible 
temperature. By lowering this temperature, these reversible photoreactive 
compounds can be used for applications, such as rewriting drives, thermo-optical 




switches and so on. Further, IR lasers may be attempted instead of heating to 
cleave the cyclobutane rings. 
The styrylpyridine derivatives are well known for their photo physical 
properties in solution state, such as multi-photon absorption and 
photoluminescence.
[1]
 Though in chapter 3 and chapter 5, photoluminescence 
properties of these metal complexes and CPs have been presented, further studies 
are needed to evaluate their properties of these compounds in the solid state.  
Most interestingly, novel asymmetric ‘phenyl-olefin’ hetero dimerization 
has been discussed chapter 6. Due to the time constraints for PhD thesis 
submission, this work has not been completed. Therefore further studies may be 
conducted to understand the basis of this very hitherto unknown hetero 
cycloaddition reaction. This information would extend the limitations of solid 
state photo cycloaddition reactions from olefins to other hetero photo 
cycloaddition reactions and the activation of aromatic rings. These studies would 
be helpful in the environmentally benign green syntheses of highly strained 
bicyclic compounds and derivatives by solid-state cycloaddition reactions in 
quantitative yields. 
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